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20.  ABSTRACT  (Continued). 

test  section  measured  25O  ft  long  by  50  ft  wide  by  6  ft  deep  and  consisted  of  three  traffic 
lanes  with  five  items  per  lane.  Materials  used  in  constructing  the  test  section  included  limestone, 
buckshot  clay,  silt.  Blend  I,  and  Blend  II.  T^e  blended  soils  were  put  together  at  the  Waterways 
Experiment  Station  (WES)  to  simulate  gradations  anticipated  In  the  proposed  construction  area. 

lypes  of  surfacing  included  unsurfaced  blended  soils,  crushed  limestone  and  silt,  cement-stabilized 
blended  soils,  lean  mix  concrete  batched  from  blended  soil,  and  single-  and  double-bituminous  surface 
t  r  eatme  n  t 

Soil/instnonentation  was  provided  in  three  items  for  measurement  of  vertical  deflection,  vertical 
stress,  and  pore  pressures. 

Nondestructive  tests  were  performed  during  construction  and  traffic  with  the  WES  l6-klp  vibrator,  a 
Dynatest  falling  weight  deflectometer,  and  a  Road  Rater  2008. 

The  test  section  was  trafficked  with  a  two-wheel  (single  tandem)  load  cart  representing  two  axles 
of  the  transporter.  A  total  of  2,600  load  cart  passes  were  applied  to  each  lane. 

Due  to  Inherent  limitations  of  the  data  set,  results  of  this  study  were  inconclusive  with  respect 
to  the  feasibility  of  RDT  for  pavement  construction  quality  control  and  design  verification.  However, 
some  useful  direct  comparisons  between  NOT  results  and  conventional  test  parameters  were  obtained.  A 
brief  smmary  of  the  significant  findings  is  as  follows: 

Cynamic  stiffness  modulus  (DSM)  versus  thickness  relationships  can  be  determined  for  any  soil 
type,  and  a  limiting  stiffness  for  each  material  does  exist.  Once  sufficient  thickness  has 
been  added  to  achieve  this  limiting  value,  no  change  in  DSM  can  be  realized  by  further  addition 
of  the  same  quality  material. 

DSM,  although  a  function  of  thickness  as  well  as  strength,  is  a  potentially  good  indicator  of 
inplace  strength  with  respect  to  performance;  it  is  perhaps  better  than  the  conventional 
California  Bearing  Ratio  (CBR)  test. 

c^«  Good  correlation  was  observed  between  in-place  density  and  surface  DSM,  layer  thickness,  and 
subgrade  DSM. 

Efforts  to  directly  correlate  NOT  test  results  to  the  conventional  strength  parameters  of  CBR 
and  k  were  relatively  unsuccessful. 

It  was  determined  statistically  that  high  levels  of  confidence  can  be  achieved  for  the  l6-klp 
vibrator  and  falling  weight  deflectometer  test  results  by  performing  a  reasonable  niaber  of 
tests. 

Modulus  values  computed  using  the  layered  elastic  computer  program  BISDEP  and  WES  l6-kip 
vibrator  deflection  data  appeared  reasonable  for  subsurface  layers  and  surface  layers  greater 
than  about  15  in.  thick  and  compared  relatively  well  with  laboratory  resilient  modulus  test 
results. 

Fhvorable  comparison  was  observed  between  vertical  displacements  measured  by  linear  variable 
differential  transformer  gages  installed  in  the  test  section  and  deflections  predicted  using 
layered  elastic  theory  (computer  programs  BISAR  and  BISDEF)  and  falling  weight  deflectometer 
surface  deflection  data. 

It  was  not  determined  how  or  to  what  extent  NDT  test  results  would  be  affected  by  the  approach 
of  failure,  and  very  little  performance  data  were  gained  since  traffic  on  the  test  section  was 
stopped  after  2,600  passes. 

Relatively  good  correlation  was  found  to  exist  between  I6  kip  and  falling  weight  deflectometer 

DSM's. 


PREFACE 


The  investigation  of  nondestructive  test  results  and  their  potential  ap¬ 
plicability  to  pavement  design  and  construction  quality  control  described  in 
this  report  was  sponsored  by  the  Office,  Chief  of  Engineers,  US  Army,  under 
the  Operations  and  Maintenance,  Army  (04MA)  program.  The  data  used  in  this 
investigation  were  obtained  under  another  program,  MX  Road  Design  Criteria 
Studies,  sponsored  by  the  U"  Air  Force  Ballistics  Missile  Office  (BMO),  Air 
Force  Regional  Civil  Engineer  (AFRCE-MX),  Norton  Air  Force  Base,  Calif. 

The  fieldwork  was  conducted  at  the  US  Army  Engineer  Waterways  Experiment 
Station  (WES)  during  the  period  March  1980  to  July  I98I.  Mr.  D.  R.  Alexander, 
Pavement  Systems  Division  (PSD),  Geotechnical  Laboratory  (GL),  WES,  was  the 
engineer  directing  the  field  testing.  Laboratory  testing  was  performed  under 
the  supervision  of  Mr.  J.  C.  Oldham,  Chief,  Soils  Testing  Facility,  WES. 

Personnel  of  the  PSD,  WES,  actively  engaged  in  the  planning  and  execu¬ 
tion  of  the  work  that  led  to  the  preparation  of  this  report  were  Messrs.  J.  W. 
Hall,  Jr.,  R.  W.  Grau,  and  D.  R,  Alexander.  The  project  was  under  the  general 
supervision  of  Mr.  A.  H.  Joseph,  Chief,  PSD  (Retired),  Dr.  T.  D.  White,  Former 
Chief,  PSD,  Mr.  H.  H.  Ulery,  Jr.,  Chief,  PSD,  and  Dr.  W.  F.  Marcuson  III, 
Chief,  GL.  This  report  was  prepared  by  Mr.  Alexander.  Ms.  Odell  F.  Allen 
Publications  and  Graphic  Arts  Division,  edited  this  report. 

COL  Allen  F.  Grum,  USA,  was  Director  of  WES  during  the  preparation  and 
publication  of  this  report.  Dr.  Robert  W.  Whalin  was  Technical  Director. 
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Weight  Deflectometer  (lane  3,  Item  4) 

Nondestructive  test  results  during  traffic,  Falling 
Weight  Deflectometer  (lane  3,  Item  5) 

1 6-kip  DSM  versus  load  cart  passes  (lane  1) 

1 6-kip  DSM  versus  load  cart  passes  (lane  2) 

l6-kip  DSM  versus  load  cart  passes  (lane  3) 

NOT  deflection  basins  for  lane  1  (Just  prior  to  traffic 
tests)  normaiized  to  a  5,000-lb  force  level 
NDT  deflection  basins  for  lane  2  (just  prior  to  traffic 
tests)  normalized  to  a  5.000-lb  force  level 
linr  deflection  basins  for  lane  3  (Just  prior  to  t!-a:'fic 
tests)  normalized  to  a  000-lb  force  level 
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75  Comparison  of  l6-kip  and  falling  weight  deflectometer 

DSM's  obtained  during  construction  and  traffic 
testing 

76  Comparison  of  l6-kip  and  road  rater  DSM's  obtained 

during  construction  and  traffic  testing 
A1  Plan  view  of  test  section  with  traffic  lane 

configuration  .  A2 

A2  Profiles  of  traffic  lanes  1,  2,  and  3 .  A3 

A3  Plan  views  showing  all  pipe  locations .  A5 

A4  Profile  views  showing  pipe  depths  .  A6 

A5  Grading  cu-'ves  for  heavy  clay,  silt,  and  crushed 

limestone .  A9 

A6  CBR,  density,  and  water  content  data  for  heavy  clay 

material  (tested  as  molded)  .  A10 

A7  CBR,  density,  and  water  content  data  for  heavy  clay 

material  (tested  after  soaking)  .  All 

A8  CBR,  dens  icy,  and  water  content  data  for  crushed 

limestone  (tested  as  molded) . A 12 

A9  CBR,  density,  and  water  content  data  for  crushed 

limestone  (tested  after  soaking)  .  A13 

A10  CBR,  density,  and  water  content  data  for  silt 

(tested  as  molded) . A14 

All  CBR,  density,  and  water  content  data  for  silt 

(tested  after  soaking)  .  A15 

A12  Desired  and  actual  grading  curves  for  Blend  I  .  A17 

A13  Grading  curves  for  those  aggregates  mixed  to  obtain 

Blends  I  and  II . A18 

A14  CBR,  density,  and  water  content  data  for  Blend  I 

(tested  as  molded) . A19 

A15  CBR,  density,  and  water  content  data  for  Blend  I 

(tested  after  soaking)  .  A20 

A16  Desired  and  actual  grading  curves  for  Blend  II  .  A21 

A17  CBR,  density,  and  water  content  data  for  Blend  II 

(tested  as  molded) . A23 

Al8  CBR,  density,  and  water  content  data  for  Blend  II 

(tested  after  soaking)  .  A24 

A 19  Graiing  curves  for  aggregates  used  in  surface 
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A6 

A7 

A8 
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A10 

All 
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A13 

A14 

A15 

A16 

A17 
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A20 

A21 

A22 

A23 

A24 

A25 

A26 

A27 

A28 

A29 

A30 

A31 

A32 

A33 

A34 


No.  Page* 

Proportioning  aggregates  prior  to  blending 
Blending  of  aggregates  to  obtain  desired  gradation 
Three  types  of  soil  instrumentation  gages  located 
in  lane  1  (Items  1,  3,  and  5) 

Cap  and  pin  surface  deflection  gage 
Twenty-five-ton  self-propelled  rubber-tired  roller 
Fifty-ton  rubber-tired  Bross  Roller 
Vibratory  steel-wheeled  roller 
Dual-drum  sheepsfoot  roller 
Excavation  for  MX  test  section  in  progress 
Excavation  completed,  250  ft  long  by  50  ft  wide  by 
6  ft  deep 

French  drain  around  perimeter  of  test  section 
Processing  of  heavy  clay  prior  to  placement  in 
MX  test  section 

Addition  of  Portland  cement  (Type  1)  to  blended  soil 
Pulvimixing  cement  and  blended  soil 
Placing  6-in.  lift  of  Blend  II  material 

Forms  for  lean  mix  concrete  * 

Placement  of  lean  mix  concrete  (lane  2,  Item  3) 

Blend  II  (lane  3,  Item  3)  primed  with  MC-70 
cutback  asphalt 

Application  of  RS-3K  emulsion  and  crushed  limestone 
aggregate  (single-bituminous  surface  treatment) 
Double-bituminous  surface  treatment  (lane  2,  Item  3) 

Close-up  of  double-bituminous  surface  treatment 
Trailer-mounted  drill  rig  used  during  LVDT  gage 
installation 

LVDT  deflection  gage,  reference  rod,  and  PVC  casing 
Reference  rod  in-place  with  LVDT  core  and  flexible 
connecting  hose  attached 

LVDT  gage  as  installed  with  1-ft-  by  1-ft-steel  plate 
WES  soil  pressure  cell  as  installed  in  the  test 
section 

Installation  of  cap  and  pin  deflection  gages 
Mechanical  whacker  used  for  compaction  of 
backfill  above  the  pipes 

Reinforced  concrete  pipe  as  placed  in  trench  during 
construction 

Corrugated  steel  pipe  as  placed  in  trench  prior  to 
backfill 

Troxler  nuclear  gage  used  for  rapid  moisture  and 
density  determinations 
Field  CBR  equipment  setup  for  in-place  soil 
strength  measurements 
Equipment  setup  for  plate  bearing  tests 
WES  l6-kip  vibrator 


*  Photographs  in  the  appendix  are  grouped  following  the  last  page  of  appendix 
tables. 
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A35  Model  2008  Road  Rater 

A36  Falling  Weight  Def lectometer 

A37  MX  test  vehicle  (modified  prime  mover,  test  wheels 

loaded  to  62,500  lb) 

A38  MX  test  vehicle  (shown  from  behind) 

A39  Side-view  of  tires  used  on  the  MX  load  cart 

A40  Smooth  tires  used  on  the  MX  load  cart 


A41 

Lane 

1, 

Item 

1, 

before  traffic  (0  passes) 

A42 

Lane 

1, 

Item 

1, 

after  326  passes 

A43 

Lane 

1. 

Item 

1, 

after  2,600  passes 

A44 

Lane 

1, 

Item 

2, 

before  traffic  (0  passes) 

A45 

Lane 

1, 

Item 

2, 

after  326  passes 

A46 

Lane 

1. 

Item 

2, 

after  2,600  passes 

A47 

Lane 

1, 

Item 

3, 

before  traffic  (0  passes) 

A48 

Lane 

1, 

Item 

3, 

after  326  passes 

A49 

Lane 

1, 

Item 

3, 

after  2,600  passes 

A50 

Lane 

1, 

I  tern 

4, 

before  traffic  (0  passes) 

A51 

Lane 

1, 

Item 

4, 

after  326  passes 

A52 

Lane 

1, 

Item 

4, 

after  2,600  passes 

A53 

Lane 

1, 

Item 

5, 

before  traffic  (0  passes) 

A54 

Lane 

1, 

Item 

5, 

after  326  passes 

A55 

Lane 

1, 

Item 

5, 

after  2,600  passes 

A56 

Lane 

2, 

Item 

1, 

before  traffic  (0  passes) 

A57 

Lane 

2, 

Item 

1, 

after  326  passes 

A58 

Lane 

2, 

Item 

1, 

after  2,600  passes 

A59  Close-up  of  surface,  lane  2,  Item  1,  after 

2,600  passes 

A60  Lane  2,  Item  1,  after  2,600  passes  (loose  material 

removed  from  the  surface) 

A61  Vertical  cut  through  29  in.  of  cement  stabilized 

Blend  I  (lane  2,  Item  1) 

A62  Lane  2,  Item  2,  before  traffic  (0  passes) 

A63  Close-up  of  surface,  lane  2,  Item  2,  after 

1 ,300  passes 

A64  Lane  2,  Item  2,  after  2,600  passes 

A65  Close-up  of  surface,  lane  2,  Item  2,  after 

2,600  passes 

A66  Lane  2,  Item  2,  after  2,600  passes  (loose  material 

removed  from  the  surface) 

A67  Lane  2,  Item  3,  before  traffic  (0  passes) 

A68  Lane  2,  Item  3,  after  326  passes 

A69  Lane  2,  Item  3,  after  2,600  passes 

A70  Close-up  of  surface,  lane  2,  Item  3,  after 

2,600  passes 

A71  Lane  2,  Item  3,  after  2,600  passes  (loose  material 

removed  from  the  surface) 

A72  Lane  2,  Item  4,  before  traffic  (0  passes) 

A73  Lane  2,  Item  4,  after  326  passes 

A74  Lane  2,  Item  4,  after  2,600  passes 

A75  Close-up  of  surface,  lane  2,  Item  4,  after 

2,600  passes 


Photo  No. 

A76 

Lane  2, 

Item  4, 

after  2,600  passes  (loose  material 

removed  from  i 

the  surface) 

A77 

Lane  2, 

Item  5, 

before  traffic  (0  passes) 

A78 

Lane  2, 

Item  5, 

after  326  passes 

A79 

Lane  2, 

Item  5, 

after  2,600  passes 

A80 

Close-up  of  surface,  lane  2,  Item  5,  after 

2,600 

passes 

A81 

Lane  2, 

Item  5, 

after  2,600  passes  (loose  material 

removed  from  the  surface) 

A82 

Lane  3, 

I  tern  1 , 

before  traffic  (0  passes) 

A83 

Lane  3, 

Item  1, 

after  326  passes 

A84 

Lane  3, 

Item  1, 

after  2,600  passes 

A85 

Lane  3, 

Item  2, 

before  traffic  (0  passes) 

A86 

Lane  3, 

Item  2, 

after  326  passes 

A87 

Lane  3, 

Item  2, 

after  2,600  passes 

A88 

Lane  3, 

Item  3, 

before  traffic  (0  passes) 

A89 

Lane  3, 

Item  3, 

after  326  passes 

A90 

Lane  3, 

Item  3, 

after  2,600  passes 

A91 

Lane  3, 

Item  4, 

before  traffic  (0  passes) 

A92 

Lane  3, 

Item  4, 

after  326  passes 

A93 

Lane  3, 

Item  4, 

after  2,600  passes 

A94 

Portion 

of  single-bituminous  surface  treatment 

removed  after 

2,600  passes 

A95 

Lane  3, 

Item  5, 

before  traffic  (0  passes) 

A96 

Lane  3, 

Item  5, 

after  326  passes 

A97 

Lane  3, 

Item  5, 

after  2,600  passes 

CONVERSION  FACTORS,  NON-SI  TO  SI  (METRIC) 
UNITS  OF  MEASUREMENT 


Non-SI  units  of  measurement  used  in  this  report  can  be  converted  to  SI 
(metric)  units  as  follows: 


Multiply 


feet  per  second 
gallons  (US  liquid) 
gallons  per  square  yard 


inches 

kips  (mass) 

kips  (force)  per  inch 

miles  (international)  per  hour 
miles  (US  statute) 
pounds  (force) 
pounds  (mass) 

pounds  (mass)  per  cubic  foot 
pounds  (mass)  per  cubic  inch 


pounds  per  cubic  yard 


pounds  (force)  per  foot 
pounds  per  square  foot 


pounds  (force)  per  square  inch 

square  inches 

ton  (2,000  pounds,  mass) 


0.3048 

0.3048 

3.785412 

4.5273 

2.54 

4,448.222 

175.1268 

1.609344 

1.609347 

4.448222 

0.4535924 

16.01846 

27,679.9 

0.5932764 

14.59390 

4.882428 

6,894.757 

6.4516 

907.1847 


_ To  Obtain _ 

metres 

metres  per  second 

cubic  decimetres 

cubic  decimeter  per 
square  metres 

centimetres 

newtons 

kilonewtons  per 
metres 

kilometres  per  hour 
kilometres 
newtons 
kilograms 

kilograms  per  cubic 
metre 

kilograms  per  cubic 
metre 

kilograms  per  cubic 
metre 

newtons  per  metre 

kilograms  per 
square  metre 

pascals 

square  centimetres 
kilograms 


13 


CORRELATION  OF  NONDESTRUCTIVE  PAVEMENT  EVALUATION  TEST 
RESULTS  WITH  RESULTS  OF  CONVENTIONAL  QUALITY 
CONTROL  AND  IN-SITU  STRENGTH  TESTS  ON 
AN  MX  ROAD  TEST  SECTION 

VOLUME  I:  MAIN  TEXT 
PART  I:  INTRODUCTION 

Background 

1.  Nondestructive  testing  (NDT)  devices  and  evaluation  systems  are  pres 
ently  being  used  extensively  throughout  the  United  States  and  abroad  to 
analyze  the  load-carrying  capability  of  existing  airfield  and  roadway  pave¬ 
ments.  The  use  of  NDT  is  a  great  advancement  over  costly  and  time-consuming 
destructive  evaluation  techniques.  However,  these  same  principles  have  not 
been  effectively  applied  to  other  areas  of  pavement  technology.  The  use  of 
NDT  may  be  expanded  to  include  the  evaluation  of  in-situ  soil  conditions  with 
respect  to  construction  quality  control  and  pavement  design  verification.  A 
pilot  study  (Hall  1978)  performed  at  the  US  Army  Engineer  Waterways  Experiment 
Station  (WES)  indicated  that  it  might  be  possible  to  relate  NDT  results  to 
such  soil  characteristics  as  density  and  strength. 

2.  In  pavement  construction,  conventional  tests  for  strength  generally 
consist  of  the  California  Bearing  Ratio  (CBR)  or  plate  bearing  (subgrade  k 
modulus).  These  tests  are  time-consuming,  particularly  the  plate  bearing  test 
which  requires  from  to  8  hr  per  test.  Because  of  the  time  required  to  de¬ 
termine  the  CBR  or  k  of  a  pavement  layer,  the  quality  of  pavement  layers  is 
generally  Judged  based  on  in-place  moisture  and  density  determinations  made 
during  construction.  Guide  specification  for  military  construction  specifies 
the  sand-displacement  method  for  density  determinations  and  the  oven-dry 
method  for  moisture  determinations.  These  tests  are  also  time-consuming  and 
result  in  delays  in  construction  because  of  interference  at  the  work  site  dur¬ 
ing  the  conduct  of  tests  and  waiting  time  for  oven  drying.  Nuclear  devices, 
which  are  much  faster  and  give  immediate  moisture  and  density  test  results, 
have  become  more  acceptable  but  are  still  commonly  used  only  in  support  of 
tests  with  the  conventional  methods.  Uniformity  of  compaction  (location  of 
weak  spots)  is  often  done  with  heavily  loaded  proof  rollers.  A  need  exists 

'4 


for  a  rapid  nondestructive  technique  that  has  the  capability  of  assessing  the 
in-place  parameters  of  strength,  density,  and  uniformity  with  a  reasonably 
high  level  of  confidence.  It  was  known  from  the  beginning  that  the  vertical 
deflection  under  cyclic  or  impact  load  of  a  12-  to  l8-in.*-diam  plate  on  a 
layered  elastic  system  was  a  function  of  the  shear  moduli,  Poisson's  ratios, 
and  densities  of  layers  down  to  several  plate  diameters  with  the  shear  moduli 
having  the  strongest  influence.  It  was  hoped  that  in  real  materials  the  sur¬ 
face  layer  would  have  a  dominant  influence;  although  it  was  recognized  that  in 
stiff  materials  this  might  not  be  the  case.  It  was  further  recognized  that  at 
least  weak  correlation  existed  between  shear  modulus  and  shear  strength. 

Hence,  there  was  a  chance,  although  not  a  large  one,  of  finding  useful  cor¬ 
relations  between  NDT  stiffnesses  and  parameters  of  direct  interest  in  pave¬ 
ment  system  layer  quality. 


Purpose 

3-  The  purposes  of  this  study  were  to  (a)  preserve  the  data  collected 
during  the  construction  and  trafficking  of  a  major  test  section  built  in  sup¬ 
port  of  the  MX  program  at  WES  and  (b)  develop  and  study  relationships  between 
extensive  NDT  test  results  obtained  in  this  program  and  various  parameters 
such  as  thickness,  density,  and  strength  in  an  effort  to  determine  if  nonde¬ 
structive  techniques  are  feasible  for  pavement  design  verification  and/or 
quality  control  of  pavement  base  and  subgrade  construction. 


4.  Data  used  in  this  study  were  collected  in  conjunction  with  a  study 
performed  by  WES  for  the  Air  Force  concerning  the  MX  Road  System.  The  orig¬ 
inal  scope  of  work  for  the  MX  Road  program  included  the  construction  of  two 
large  test  beds  at  WES.  The  first  of  these  test  beds  was  designed  to  investi¬ 
gate  the  effects  of  prototype  traffic  on  various  thicknesses  of  high  quality 
crushed  limestone  and  on  various  soils  considered  to  be  representative  of 
those  found  over  much  of  the  proposed  deployment  area.  Performance  of  various 
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surfaclngs  and  cover  requirements  for  burled  pipes  were  also  to  be  examined. 
The  second  test  bed 'was  to  be  specifically  designed  for  fine-tuning  thickness 
requirements  and  determining  relationships  between  NDT  results  and  material 
properties  to  be  used  for  the  development  of  rapid  quality  control  tech¬ 
niques.  The  deployment  concept  was  cancelled  in  October  I98I  as  a  result  of  a 
Presidential  decision  to  consider  other  basing  modes.  As  a  result,  the  MX 
Road  study  was  terminated  before  construction  of  the  second  test  bed,  and  a 
large  amount  of  data  that  would  have  been  extremely  beneficial  to  this  study 
was  never  collected.  Only  data  from  the  first  test  bed  are  presented  in  this 
report.  Appendix  A  includes  the  construction  and  traffic  data  for  this  test 
section. 

5.  Testing  and  data  collection  during  construction  and  trafficking  of 
the  test  bed  included  NDT  (using  the  WES  1 6-kip  vibrator,  a  Dynatest  Model 
8000  Falling  Weight  Deflectometer ,  and  a  Model  2008  Road  Rater)  and  in-place 
moisture  content,  density,  and  CBR  measurements  on  each  lift.  After  com¬ 
pletion  of  the  test  bed,  plate  bearing  tests  were  performed  on  selected  items 
to  determine  the  modulus  of  soil  reaction,  k  .  Test  pits  were  excavated 
(full  depth)  both  before  and  after  the  application  of  traffic  to  verify  the 
moisture  content,  density,  and  CBR  measurements.  The  NDT,  density,  thickness, 
and  CBR  data  will  be  exaunlned  in  this  report  to  determine  whether  useful 
correlations  exist  between  (a)  one  NDT  test  and  another  and  (b)  NDT  and 
conventional  tests. 


PART  II:  ANALYSIS  OF  NONDESTRUCTIVE  TEST  DATA 

General 

6.  The  test  section  described  in  Appendix  A'®*'  provided  a  source  of  NDT, 
density,  and  strength  data  for  a  variety  of  soil  types  and  conditions.  Design 
requirements  of  low  densities,  water  contents,  and  strengths  resulted  in  most 
of  the  materials  being  placed  dry  of  optimum  moisture  content.  This  and  the 
fact  that  each  material  was  essentially  tested  under  only  one  set  of  condi¬ 
tions  (one  point  on  a  curve)  tend  to  complicate  as  well  as  limit  the  evalua¬ 
tion  of  the  use  of  NDT  data  as  a  means  of  quality  control.  Even  though  the 
test  section  was  not  specifically  designed  to  yield  the  complete  spectrum  of 
desired  information,  much  useful  data  were  obtained,  and  relationships  between 
NDT  and  such  parameters  as  thickness,  strength,  and  density  are  quite 
promising . 

7.  Reallizing  inherent  limitations  of  the  data  set,  the  intent  of  this 
analysis  is  to  focus  on  basic  relationships  between  NDT  and  material  charac¬ 
teristics,  evaluate  the  reliability  of  NDT  results  versus  conventional  test 
parameters,  and  make  recommendations  for  further  research.  The  following  ele¬ 
ments  are  discussed  with  respect  to  their  applicability  to  pavement  construc¬ 
tion  quality  control  and  field  design  verification: 

a.  Development  of  basic  strength-thickness  relationships. 

b.  Direct  correlation  of  NDT  results  to  conventional  test  param¬ 
eters  (CBR,  k  ,  and  density). 

c.  Linear  regression  using  NDT  to  predict  CBR  and  density. 

d.  Variation/reliability  of  NDT  results  compared  to  conventional 
test  parameters. 

e.  Computation  of  modulus  of  elasticity  (E)  using  deflection  basin 
data  and  layered  elastic  theory. 

f.  Comparison  of  predicted  deflections  to  measured  deflections  at 
depth. 

g.  NDT  test  results  during  traffic. 

h.  Correlation  between  NDT  test  devices. 

Strength-Thickness  Relationships 

8.  The  primary  NDT  parameter  to  be  discussed  in  this  report  is  the 
Published  separately  in  Volume  II. 
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dynamic  stiffness  modulus  (DSM).  DSM  is  defined  for  the  WES  16-kip  vibrator 
as  the  slope  of  the  load-deflection  curve  with  units  of  kips/inch.  Road  Rater 
DSM's  were  obtained  by  computing  the  slope  of  the  load-deflection  curve  de¬ 
fined  by  deflections  at  the  center  of  the  load  plate  corresponding  to  force 
levels  of  5,000  and  7,000  lb.  Falling  weight  deflectometer  stiffness  values 
were  determined  by  dividing  the  force  obtained  using  the  maximum  drop  height 
(approximately  14,000  lb)  by  the  corresponding  deflection  measured  at  the  cen¬ 
ter  of  the  load  plate.  This  information  and  detailed  descriptions  of  each 
test  device  are  included  in  Appendix  A.  DSM  (stiffness)  values  recorded  on 
each  lift  (layer)  of  material  during  construction  of  the  test  section  are 
shown  in  Figures  1  through  15  for  each  of  the  15  test  items.  Lift  thicknesses 
were  generally  6  to  8  in.,  and  DSM's  shown  on  the  plots  are  an  average  of  two 
measurements  obtained  in  each  item.  The  plots  clearly  show  how  adding  thick¬ 
ness  to  materials  of  various  qualities  affects  the  stiffness  of  the  soil  sys¬ 
tem.  With  thickness  being  the  only  variable,  observed  rate  of  change  in  DSM 
is,  as  expected,  much  greater  for  higher  quality  materials  such  as  crushed 
limestone  and  cement-stabilized  soils.  A  change  in  DSM  of  the  poorer  mate¬ 
rials  is  much  more  subtle,  but  still  pronounced,  and  the  tendency  is  to  reach 
a  maximum  or  minimum  value  after  which  little,  if  any,  contribution  to  the 
stiffness  of  the  system  is  realized  by  adding  thickness  of  the  same  quality 
material. 

9.  DSM  data  obtained  during  construction  with  the  WES  l6-kip  vibrator 
were  chosen  for  some  additional  analyses.  DSM's  plotted  in  Figure  16  versus 
actual  thicknesses  show  relative  stiffnesses  for  each  of  the  materials 
tested.  The  plot  also  indicates  strong  trends  for  the  buckshot,  silt,  and 
Blend  II  materials  for  which  the  largest  number  of  data  points  are  available 
and  the  widest  range  of  thicknesses  evaluated.  Best-fit  curves  are  shown 
plotted  with  the  data  in  Figure  17.  The  third-order  polynomials  determined 
for  each  are  summarized  below  along  with  their  standard  error  and  correlation 
coefficients. 

Standard 
Error  of 

Material  _ Equation _  Estimate  R  R'^ 

DSM  =  220.98745  +  0. 10403253(t)  14.2  0.90  0.81 

-  0.43802507E  -  01 (t^) 

-  0.76039883E  -  05(t^) 

(Continued) 


Buckshot 

Clay 


Material 


Standard 
Error  of 

Equation _  Estimate  R  h 

Blend  II  DSM  =  249.71710  +  7.8048367(t)  20.5  0.99  0.98 

(Sandy  Gravel)  ^  0.10277720E  -  Ol(t^) 

-  0.50704821E  -  03(t^) 

Silt  DSM  =  236.75370  +  4.0658459(t)  24.2  0.95  0.90 

+  0.20410270E  -  Ol(t^) 

-  0.50349427E  -  03(t^) 

Best-fit  relationships  are  included  with  the  corresponding  data  in  Figure  18 
for  the  crushed  stone  and  cement-stabilized  materials  realizing  that  the 
thinner  layers  and  small  number  of  data  points  can  only  indicate  relative 
trends.  Based  on  a  strong  correlation  for  heavy  clay  (CH),  Blend  II,  and  silt 
(ML)  soils,  the  concept  of  a  limiting  DSM  can  be  introduced.  The  capability 
of  defining  a  maximum  or  limiting  DSM  for  a  particular  material  would  be  sig¬ 
nificant  in  the  areas  of  quality  control  and  design  verification.  For  in¬ 
stance,  the  best-fit  DSM  versus  thickness  curves  for  Blend  II  and  silt  can  be 
continuously  shifted  as  shown  in  Figures  19  and  20  such  that  for  any  given 
initial  DSM  the  thickness  required  to  reach  a  maximum  value  of  stiffness  can 
be  readily  obtained.  Conversely,  from  a  quality  control  standpoint,  required 
DSM  values  for  each  lift  of  a  particular  material  to  be  placed  can  be  deter¬ 
mined  for  a  known  initial  stiffness  (assuming  that  a  curve  such  as  those  shown 
in  Figures  19  and  20  is  available).  NDT  on  a  finished  lift  would  rapidly 
yield  DSM's  that  could  be  compared  with  required  DSM's  from  the  curve  to 
evaluate  the  structural  adequacy  of  the  layer.  Thus,  even  though  defining  DSM 
as  a  function  of  thickness  may  not  seem  very  relevant  to  quality  control  since 
thickness  is  normally  easily  and  quickly  obtainable,  knowledge  of  this  rela¬ 
tionship  for  a  particular  material  can  have  other  useful  applications  toward 
field  construction  monitoring. 

10.  The  maximum  or  minimum  DSM  that  can  be  expected  for  a  certain  mate¬ 
rial  can  be  determined  by  constructing  test  sections;  however,  this  may  or  may 
not  (depending  on  the  particular  job)  be  feasible.  A  simpler  less  time- 
consuming  method  would  be  more  advantageous.  If  the  physical  properties  of  a 
material  are  known,  it  may  be  possible  to  estimate  (within  a  reasonable  degree 
of  accuracy)  the  limiting  DSM  based  on  its  dry  density.  Maximum  DSM's  of  760 
and  450  are  well  defined  for  Blend  II  and  silt,  respectively,  in  Figures  19 


and  20.  A  minimum  DSM  for  the  buckshot  clay  material  of  about  80  kips/in.  can 
be  considered  a  reasonable  estimate  based  on  close  examination  of  the  curve  in 
Figure  17.  These  limiting  DSM's  have  been  plotted  in  Figure  21  with  the  cor¬ 
responding  logarithm  of  average  in-place  dry  densiy  for  each  soil.  The  re¬ 
sulting  relationship  (based  on  small  quanity  of  data)  is  approximately 
linear.  By  extrapolation,  a  limiting  DSM  of  approximately  976  kips/in.  is 
projected  for  the  crushed  limestone  material  having  a  density  of  140  pcf.  The 
crushed  stone  test  data  in  Figure  18  show  only  one  point  with  a  stiffness 
greater  than  the  estimated  maximum,  and  the  976  kips/in.  appears  to  be  a 
reasonable  value  for  the  crushed  stone  over  CH  curve.  It  seems  likely  that 
increasing  the  thickness  of  crushed  stone  over  Blend  II  (Figure  18)  beyond 
12  in.  would  have  yielded  higher  DSM's,  but  there  are  no  data  to  substantiate 
this. 

11.  Conventional  means  of  evaluating  field  quality  make  use  of  density 
and  moisture  content  determinations.  Adequacy  is  evaluated  on  the  basis  of 
laboratory  relationships  between  density,  moisture  content,  and  CBR.  Lab¬ 
oratory  CBR  provides  a  means  of  obtaining  the  optimum  or  most  desirable 
conditions  for  a  particular  material.  Field  CBR’s  on  cohesive  soils  are 
generally  accepted  as  being  good  indicators  of  performance.  Field  CBR’s  on 
granular  or  noncohesive  soils  can,  however,  give  a  misleading  performance 
assessment  if  density  is  not  taken  into  consideration.  This  can  be  illus¬ 
trated  by  comparing  the  buckshot,  Blend  II,  and  silt  materials.  DSM  versus 
thickness  plots  for  these  soils  are  also  shown  in  Figure  22  including  the 
in-place  densities  and  CBR's.  The  plots  suggest  a  strong  relationship  between 
DSM  and  density  (however  three  points  are  not  enough  to  be  certain  that  this 
is  more  than  coincidental).  This  is  significant  since  density  is  an  important 
factor  in  predicting  performance.  CBR's  show  a  different  ranking  of  mate¬ 
rials.  In  this  case,  the  low  CBR  for  Blend  II  (sandy  gravel)  is  probably  not 
a  very  meaningful  number  mainly  because  the  area  of  influence  of  the  CBR  test 
is  small  and  to  a  large  extent  reflects  the  surface  conditions.  The  overall 
stiffness  of  this  material  is  much  higher  than  indicated  by  this  type  of 
test.  Blend  II  would  be  expected  to  perform  like  a  much  higher  CBR  and  would 
actually  increase  somewhat  in  density  with  the  application  of  traffic.  From 
this,  it  appears  that  the  DSM  on  the  surface  of  a  thick  relatively  homogeneous 
layer  is  a  good  indicator  of  overall  strength  of  that  layer,  could  be  used  to 


predict  average  in-place  densities  of  thick  layers,  and  could  provide  esti¬ 
mates  of  performance. 


Direct  Correlation  of  NDT  Results  to  Conventional 
Test  Parameters 

12.  Direct  comparison  of  DSM  to  conventional  test  parameters  of  CBR, 
density,  and  k  are  shown  in  Figures  23  through  25  for  each  of  the  NDT  test 
devices.  The  substantial  aimount  of  scatter  in  the  CBR  and  density  plots  was 
expected  since  it  was  determined  in  the  previous  section  that  DSM  varies  sig¬ 
nificantly  as  a  function  of  thickness  while  the  more  localized  CBR  and  density 
measurements  are  generally  independent  of  thickness.  To  be  meaningful,  these 
plots  would  have  to  be  separated  by  material  type  and  layer  thickness,  but 
this  would  have  resulted  in  a  number  of  plots  (many  of  which  contained  only 
one  data  point).  However,  better  correlation  was  anticipated  for  the  plate 
test  results.  Notes  by  Hadala  (1983)  revealed  some  interesting  wave  propa¬ 
gation  theory  which  suggests  that  vibratory  and  possibly  impulse  responses 
obtained  with  various  NDT  devices  should  approximate  the  static  load- 
displacement  response.  The  works  of  Lysmer  (1965)  and  Carroll  (1963)  are 
referenced  in  Hadala 's  notes.  An  attempt  will  be  made  to  relate  the  works  of 
Lysmer  and  Carroll  to  vibratory  loading  of  a  rigid  plate  on  an  elastic  founda¬ 
tion  as  pertaining  to  nondestructive  vibratory  test  equipment  illustrated  in 
the  sketch  below. 


Fg  sin  2  rr  ft 
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a  s  0 


EQUATION  FOR  MOTION: 
Xi-  =  X„  sin  (2  n  ft  -  a) 


jr.O'iId  0-1  noted  that  the  theory  to  be  presented  is  developed  for  a  homo- 
■nooio,  isotropic,  linear  el.astic  half-space. 

!j.  ^ysr':‘’r  considereO  a  simple  damped  oscillator  which  coijld,  as  far  as 

i  i  .sp ; aco'me.nt .  *;  .  is  cor;'. er  red ,  be  used  as  an  analog  for  the  massless  system 

r'epresented  cy 


The  equation  of  motion  for  this  system  is 


iuCF  +  KF  =  k 


where 

i  =  an  imaginary  unit 

(u  =  angular  frequency  of  steady  state  motion 
C  =  frequency  dependent  coefficient  of  viscous  damping 
F  =  time-independent,  complex  function  F  =  +  iF2  of  the  frequency 

w  and  the  properties  of  the  system  {displacement  function) 

K  =  frequency  dependent  spring  constant 
k  =  spring  constant 
for  which  the  solutions  are 


K 


(^1  * 


k 


C 


2  2 
Fi  .  F^ 


k 


where 

F^  =  real  part  of  F 
F2  =  imaginary  part  of  F 

From  this  solution  he  showed  that  the  parameters  C  and  k  could  be  deter¬ 
mined  as  a  function  of  the  frequency  of  the  exciting  force. 


14.  Lysmer  next  considered  a  dynamic  system  formed  by  adding  a  rigid 
mass  m  to  obtain 


This  system  is  excited  by  a  vertical  harmonic  force  Q  =  Q^e^^^  acting  on  the 
added  mass.  The  displacement  of  the  mass  is 


where 


5  =  vertical  displacement 
Qq  =  amplitude  of  force 
F  =  complex  displacement  function 
e  =  base  of  natural  logarithms 
t  =  time 


The  use  of  this  theory  was  then  illustrated  for  the  displacement  function  for 
the  simple  damped  case  as 


where 


F 


1 

1  +  i  f  u) 
k 


1 

1  +  i  a 

o 


c  :  coefficient  of  viscous  damping 
-  frequency  ratio 

At  this  point  two  dimensionless  ratios,  a^  and  B  ,  were  introduced  such 


—  0 
a  -  frequency  ratio  for  damped  oscillator  -  r 


tr.at 


B  =  mass  ratio,  scaled  measure  of  mass  = 

c 

These  ratios  were  used  instead  of  the  more  commonly  seen  u  Vm/k  and 
c/2  km  because  they  allow  the  effects  of  mass  and  frequency  to  be  studied 
separately.  The  displacement  for  a  more  general  oscillator  (shown  below)  was 
then  determined  to  be  6  =  (Q  /k)M  cos  (wt  +  o)  . 


Using  this  equation,  the  response  curves  in  Figure  26  were  developed  for  a 
single-degree-of-freedom  system  with  the  effect  of  mass  and  frequency  sepa¬ 
rated.  It  is  shown  in  the  figure  that  for  B  >  1/2  ,  the  response  spectra 
will  exhibit  resonance  peaks  max  M  =  bI  1/4  at  frequencies 

a^  =  VB  -  1/2  ■/  B  .  For  B  <  1/2  ,  no  peaks  exist,  and  the  largest  dis¬ 
placement  occurs  during  static  loading  (i.e.,  frequency  ratio  =  0). 

15.  Close  examination  of  the  vibratory  NOT  equipment  reveals  essen¬ 
tially  the  same  system  with  a  sinusoidal  excitation  as  shown  below. 


For  this  system,  the  differential  equation  of  motion  is  mx  +  cx  +  kx  =  sin 
2  TT  ft  .  The  damping  terms  represent  the  fact  that  there  is  no  bottom 
boundary,  i.e.,  energy  radiated  out  will  not  return.  For  evaluating  the  case 
of  a  rigid  circular  footing  on  a  linear  elastic  half-space,  the  static  spring 
constant  is  known  to  be 


4Gr 


where 

G  =  shear  modulus 
r^  =  radius 
y  =  Poisson's  ratio 

Parmeters  for  the  spring-dashpot  analog  are 

K  =  k^  k 


s 


where 

k^  =  dimensionless  spring  constant 
c^  =  dimensionless  damping  coefficient 
r^  =  radius  of  footing 

Vg  =  velocity  of  J-waves  in  elastic  half  space 
Lysmer  showed  that  his  analog  should  be  valid  for  small  values  of  a.  ( <  0.8) 


and  in  the  range  and  can  be  estimated  as  1.0  and  0.85,  respectively, 

so  that 


k  =  K 


C  = 


3.4 


1 

1  -  u  o 


where  p  =  mass  density.  Ratios  a^  and  B  can  now  be  determined  for 


conditions  representative  of  those  encountered  in  NOT  testing.  Determination 
of  the  magnification  factor,  M  ,  will  indicate  how  close  the  dynamic  response 
should  be  to  the  static  value.  Several  examples  are  presented  for  which  the 
following  initial  conditions  are  assumed: 


mass  of  steel  vibrator  plate,  m 


150  lb 


4.66 


lb-sec 


32.16  ft/sec‘ 


ft 


diameter  of  the  plate,  D  =  1.5  ft 
Poisson's  ratio  of  the  soil  medium,  u  =  0.3 
density  of  the  soil  medium,  Ym  =  ^20  pcf 


Shear  wave  velocities  of  500  and  1,500  ft/sec  considered  in  the  examples 
should  provide  a  range  within  which  many  commonly  occurring  soils  will  fall, 
Frequencies  of  15  and  50  Hz  are  evaluated  in  the  following  cases: 


G  = 


k  = 
4Gr_ 


C  = 


B 


Case 

Cs 

ft/sec 

Hz 

2  It  fr 

S 

32.16  (Cs> 
Ib/sq  ft 

1  -  u 
Ib/ft 

1  Gp 

1  -  w  0 

Ib-sec/ft 

km 

2 

c 

2  IT  fc 
k 

1 

500 

15 

0.14 

9.33  X  10^ 

4  X  10^ 

5.1  X  10^ 

0.72 

0. 12 

2 

500 

50 

0.47 

9.33  X  lo5 

4  X  10^ 

5.1  X  1o3 

0.72 

0.40 

3 

1,500 

15 

0.05 

8.39  X  10^ 

3.6  X  lo"^ 

1.53  X  10*^ 

0.72 

0.04 

For  each  example  case,  the  magnification  factor  from  Figure  26  is  very  close 
to  1.0  indicating  that  for  the  range  of  typical  frequencies  and  wave  veloci¬ 
ties  normally  encountered  with  NDT,  the  dynamic  response  should  approximate 
the  static  response  for  an  equivalent  force  level. 

16.  An  earlier  work  by  (1963)  Carroll  revealed  similar  findings. 
Carroll  studied  the  relation  of  three-dimensional  dynamic  footing  problems  to 


■•.V -j 


plane  wave  phenomena  and  three-dimensional  static  footing  behavior.  He 
investigated  the  response  of  the  linear  Pauw-Selig  pyra-mid  model  to  step, 
linear,  parabolic,  and  sinusoidal  transient  pressure  pulses  and  to  static 
loading.  The  sinusoidal  pulse  was  characterized  by  p  =  p^  sin  (iTt/2tQ) 
Relations  were  derived  for  the  various  pulse  types  in  terms  of  a  factor 


N  =  (2  tan 


where 


Cq  =  initial  wave  velocity 

tg  =  time  to  peak  applied  transient  bearing  load 
B  =  width  of  footing 

=  angle  which  the  sloping  sides  of  the  pyramid  make  with  the 
vertical.  Its  purpose  in  the  model  is  to  bring  about  a  spatial 
attenuation  of  vertical  stress  with  depth 

From  this,  a  tentative  criterion  for  ignoring  the  inerrial  stress  effects  on 
the  dynamic  pressure-displacement  (p^  -  &^)  relation  was  suggested  to  be 


Cot 

-B-  i  3.5 


where 


Cp  =  rod  wave  velocity 
Iq  =  rise  time 
B  :  width  of  footing 

Carroll  was  then  able  to  estimate  when  the  vibratory  load-displacement 
behavior  is  at  serious  variance  from  static  load-displacement  behavior  by 
making  use  of  Sung's  vibratory  solutions  approach  (Sung  1953)  and  evaluating 
the  relationship 


ft)" 


(1  w)  F, 


Results  confirmed  the  tentative  criterion  by  indicating  that  for  large  values 


of  Cj^t^/B  ,  the  vibratory  p^ 


6^  relation  approximates  the  static  load- 


displacement  behavior  but  deviates  significantly  as  Cpt^'B  decreases  to  a 

small  number.  Carroll's  conclusion  was  that  the  discrepancy  between  vibratory 

0-5  and  static  load-displacement  behavior  is  not  imcortant  for 
■  0  0 


s  ,  -J,  \ 
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and  that  this  statement  is  also  tentatively  true  for  impulsive  sinusoidal 
transient  pressure  pulses  on  circular  footings. 

17.  Carroll's  criterion  will  now  be  applied  to  the  three  NOT  devices 
described  in  this  report  in  the  form 


where 


cc 


R 


D 


c  =  wave  velocity  of  soil  medium  (ft/sec) 
tp  =  rise  time  for  peak  force  (sec) 

D  =  diameter  of  load  plate  (ft) 

A  value  of  500  ft/sec  will  be  assumed  for  che  wave  velocity  of  the  soil 
medium.  For  the  l6-kip  vibrator  operating  at  a  frequency  of  15  Hz  with  an 
l8-in.-diam  load  plate  the  following  is  obtained: 


(500  ft/sec)(0.017  sec) 

- - - ,  ^,7  03.5) 


For  the  Road  Rater  2008  operating  at  a  frequency  of  20  Hz  with  an  18-in. -diam 
plate  the  result  is 


(500  ft/sec) (0.0125  sec)  „ 

TTft  = 

For  the  falling  weight  deflectometer  having  a  rise  time  of  0.0125  sec  and  a 
12-in. -diam  load  plate  the  following  is  obtained: 

(500  ft/sec)(0.0125  sec)  . 
rcTft - = 

18.  The  theory  and  discussion  presented  strongly  implies  that  stiffness 
(maximum  load  i  maximum  dislacement)  results  from  vibratory,  and  impulse  NOT 
devices  should  correlate  well  with  static  bearing  tests.  Soil  modulus, 
k  (psi/in)  ,  values  measured  on  the  test  section  were  converted  to  kips  and 
inches  and  plotted  versus  DSM  in  Figure  27.  Although  the  linear  relationships 
are  not  clearly  defined  for  either  of  the  three  devices,  the  theory  is  not 
discounted  since  the  plate  sizes  for  static  bearing,  vibratory,  and  impulse 
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tests  were  each  different,  and  some  of  the  testing  was  done  on  granular  soils 
where  plate  size  effects  are  definitely  not  the  same  as  on  cohesive  soils. 

DSM  is  very  much  a  function  of  plate  size.  It  has  also  been  determined  that 
the  effect  of  plate  size  on  the  DSM  is  highly  dependent  on  the  stiffness  of 
the  material  being  considered,  and  there  is  presently  no  accurate  way  of  ad¬ 
justing  the  DSM  to  reflect  a  different  plate  size.  Another  consideration  is 
the  effect  of  creep  or  long-term  deflection  on  stiffness  values  from  the 
static  plate  bearing  test.  Sufficient  time  is  allowed  after  application  of 
each  load  increment  during  the  performance  of  this  test  for  the  system  to  es¬ 
sentially  reach  an  equilibrium  condition.  Effects  of  the  additional  deflec¬ 
tion  due  to  the  time  rate  of  loading  would  be  more  pronounced  for  weaker 
materials. 

19.  It  is  concluded  that  there  is  a  lack  of  data  to  either  substantiate 
or  disprove  the  theory  that  dynamic  load-displacement  relations  are  equivalent 
to  static  load-displacement  behavior.  The  relative  magnitudes  of  the  stiff¬ 
ness  values  for  each  type  of  test  are  generally  within  the  same  range,  and  it 
is  very  possible  that  better  results  would  have  been  obtained  if  the  tests  re¬ 
ported  had  been  performed  with  a  common  plate  size.  Correlation  of  NDT  re¬ 
sults  to  soil  modulus,  k  ,  would  be  significant  in  the  areas  of  design  and 
evaluation  and  would  be  extremely  attractive  from  the  standpoint  of  time  and 
convenience. 

Linear  Regression  Using  NDT  to  Predict 
CBR  and  Density 

20.  Even  though  previous  sections  of  this  report  have  indicated  that 
strong  relationships  appear  to  exist  between  NDT  and  conventional  test  param¬ 
eters,  DSM  is  not  directly  correlatable  to  either  density  or  CBR.  A  multiple 
linear  regression  analysis  was  performed  on  the  l6-kip  vibratory  test  data  ob¬ 
tained  during  construction  in  an  attempt  to  develop  correlations  by  accounting 
for  the  influence  of  such  parameters  as  thickness  on  DSM  values.  The  computer 
program  SPSS  (Statistical  Package  for  the  Social  Sciences)  (Nie  et  al.  1975) 
was  employed  to  aid  in  this  task.  Variables  introduced  into  the  regression 
equations  included  DSM,  subgrade  DSM,  deflection  at  the  center  of  the  load 
plate  due  to  the  application  of  a  2,500-lb  dynamic  force,  deflection  ratio 
(deflection  at  60  in.  divided  by  the  deflection  at  18  in.  for  a  dynamic  force 
of  2,500  lb),  thickness,  density,  and  CBR.  Three  data  sets  were  considered  in 
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the  analysis.  The  first  of  these  (Data  Set  1)  consisted  of  all  data  obtained 
during  construction  of  the  test  bed-  A  total  of  95  cases  was  available  for 
the  CH,  Blends  I  and  II,  ML,  crushed  limestone,  and  cement-stabilized  soils. 
The  cement-stabilized  materials  were  omitted  from  the  second  data  set  (Data 
Set  2)  since  CBR  and  density  measurements  could  be  somewhat  altered  in  meaning 
due  to  the  chemical  stiffening  effects.  Eighty-seven  cases  were  included  in 
the  second  data  set  for  CH,  Blends  I  and  II,  ML,  and  crushed  stone  materials. 
The  third  data  set  (Data  Set  3)  contained  76  cases,  and  only  CH,  Blend  II,  and 
ML  soils  were  considered.  More  data  were  available  for  these  three  soils,  and 
DSM-thickness  relationships  were  better  defined. 

21.  Results  of  the  regression  analysis  with  density  being  the  inde¬ 
pendent  variable  were  very  good.  Variables  having  the  most  significant  in¬ 
fluence  in  the  prediction  of  density  were  DSM,  thickness,  and  subgrade  DSM. 
Plate  deflections  (ranging  from  1.3  to  10.6)  and  deflection  ratios  (ranging 
from  0.19  to  0.65)  contributed  very  little  to  the  correlations.  Relationships 
having  the  highest  correlation  coefficients  are  summarized  below. 

Data  No.  of  .  STD.  Error 

Set  Cases  Equation  R  R*^  of  Estimate 


22.  As  expected,  the  best  correlations  were  obtained  for  equations  de¬ 
veloped  from  Data  Set  3.  These  equations  were  used  to  generate  the  families 
of  density  curves  shown  in  Figures  28  through  30  on  the  DSM-thickness  plots 
for  CH,  Blend  II,  and  ML  soils.  In  Figure  28,  density  is  shown  as  a  function 
of  the  ratio  of  change  in  DSM  to  thickness.  The  average  subgrade  DSM  for  the 
points  shown  (238  kips/in.)  was  used  to  develop  the  density  plots.  Dry  densi¬ 
ties  measured  on  the  compacted  surface  of  the  lean  clay  subgrade  with  a  nu¬ 
clear  gage  during  construction  and  in  pretraffic  test  pits  ranged  from  98  to 
104  pcf  with  the  average  being  103  pcf.  At  a  depth  of  2  ft  the  density  of 
the  subgrade  ranged  from  85  to  98  pcf,  and  the  average  was  92  pcf.  This 
relationship  provides  the  most  accurate  model  for  the  three  soils  con¬ 
sidered.  Predicted  densities  fit  the  data  very  well  up  to  the  breakover 
point,  or  limiting  DSM,  after  which  there  is  significant  deviation  from 
computed  density  lines. 

23.  Density  is  shown  as  a  i inear  function  of  DSM  and  thickness  in  Fig¬ 
ure  29.  General  agreement  with  actual  densities  is  observed  for  the  Blend  II 
and  silt  soils  where  measured  DSM's  are  greater  than  the  subgrade  DSM.  Devia¬ 
tion  between  observed  and  predicted  values  for  the  silt  is  again  observed  for 
thicknesses  beyond  the  point  at  which  a  limiting  DSM  value  is  reached.  Poor 
agreement  is  shown  for  the  buckshot  clay,  and  it  is  apparent  that  this  rela¬ 
tionship  is  not  valid  for  materials  having  densities  or  strengths  less  than 
those  measured  on  the  subgrade. 

24.  Density  is  shown  as  a  function  of  DSM  and  the  common  logarithm  of 
thickness  in  Figure  30.  The  logarithmic  curves  provide  somewhat  better  agree¬ 
ment  between  actual  and  predicted  densities  over  a  wider  range  of  thicknesses 
than  the  linear  plots  in  Figure  29.  This  relationship  also  appears  to  be 
valid  for  thicknesses  beyond  the  point  where  a  limiting  DSM  is  reached.  Poor 
agreement  is  again  observed  for  the  relatively  low-strength,  low-density  buck¬ 
shot  clay. 

25.  Correlations  obtained  from  the  regression  analysis  with  CBR  being 
the  independent  variable  were  much  poorer  than  those  obtained  for  density. 
Correlation  coefficients  were  low  when  only  CH,  Blend  II,  and  ML  soils  were 
considered,  and  the  standard  errors  were  excessively  high  when  all  materials 
were  considered.  Some  of  the  results  are  shown  below. 


31 


Data  No.  of  „  STD.  Error 

Set  Cases  Equation  R  k  of  Estimate 


1 

95 

CBR  =  0.15642  (DSM)  -  1.17472  (THK) 

-  7.30371 

0.83 

0.69 

25.0 

1 

95 

CBR  =  0.20977  (DSM) 

+  8.17690  (Plate  Deflection) 

-  106.00490] 

0.69 

0.48 

32.4 

1 

95 

CBR  =  0.10335  (DSM)  +  0.72962  (DEN) 

-  103.94167 

0.69 

0.47 

32.5 

1 

95 

CBR  =  0.22321  (DSM) 

0.72 

0.52 

31.1 

-  154.40178  (Deflection  Ratio) 
+  4.72501  (Plate  Deflection) 

-  43.26524 


2 

87 

CBR  =  0.12930  (DSM)  -  0.89925  (THK) 

-  6.94421 

0.71 

0.51 

21.5 

3 

76 

CBR  =  8.58074  LOG^q 

/DSM  -  Subgrade  DStf\^  6.63156 
\  THK  j 

0.52 

0.23 

4.84 

3 

76 

CBR  :  -3.05276  (Plate  Deflection) 

-  0.02753  (DSM) 

0.49 

0.24 

4.98 

-  6.60083  (Deflection  Ratio) 

f  41.1907 

26.  CBR  curves  shown  in  Figure  31  were  developed  as  a  function  of  DSM 
and  thickness.  Also  included  on  the  plot  are  the  test  results  from  Data  Set  3 
from  which  this  particular  relationship  was  derived.  Some  of  the  difficulties 
in  correlating  NDT  results  to  CBR  were  discussed  earlier  and  illustrated  in 
Figure  22.  The  scatter  observed  in  Figure  31  and  the  low  correlation  coeffi¬ 
cients  presented  in  this  section  are  not  encouraging,  and  it  appears  that  suc¬ 
cessfully  relating  directly  obtainable  NDT  parameters  to  CBR  is  improbable. 
However,  it  is  possible  that  better  relationships  could  be  obtained  for  a  par¬ 
ticular  soil  or  soil  type  (e.g.,  cohesive  soils  only  as  opposed  to  the  variety 
of  materials  considered  here). 

Variation  and  Reliability  of  NDT  and 
Conventional  Test  Results 

27.  Reliability  of  test  equipment  and  variability  of  test  results  are 
major  factors  to  be  considered  in  the  evaluation  of  NDT  for  quality  control 
and  design  verification.  Feasibility  of  a  particular  test  is  highly  dependent 


on  sampling  requirements  for  a  satisfactorily  high  level  of  confidence,  time 
requirements  for  each  test,  and  the  complexity  of  the  actual  test.  Statistical 
evaluations  and  comparisons  of  DSM  with  CBR  and  density  measurements  on  var¬ 
ious  materials  are  presented  in  this  section.  Since  it  is  statistically  de¬ 
sirable  to  have  a  large  number  of  samples  such  that  the  mean  and  standard  de¬ 
viation  of  the  population  are  well  defined,  much  of  the  analysis  will  be  cen¬ 
tered  around  data  collected  on  Blend  II  which  was  the  most  commonly  occurring 
material  in  the  test  section. 

28.  Some  assessment  must  be  made  as  to  the  actual  variability  built 
into  the  test  bed.  Low  density  and  moisture  content  requirements  for  Blend  II 
are  a  cause  for  concern  even  though  material  conditions  and  placement  pro¬ 
cedures  were  carefully  monitored  during  construction.  Nuclear  density  and 
moisture  determinations  for  Blend  II  are  presented  in  Table  1  along  with  the 
mean,  standard  deviation,  and  coefficient  of  variation  for  each  construction 
lift.  Density  and  moisture  content  on  the  first  lift  were  purposely  high  to 
provide  a  suitably  firm  working  surface.  The  average  moisture  content  for 
lifts  2  through  8  (42  points)  was  4  percent  with  a  standard  deviation  of 

0.4  percent  and  a  coefficient  of  variation  of  10.8  percent.  An  average  den¬ 
sity  of  119  pcf  and  a  standard  deviation  of  2.56  pcf  were  determined  for  lifts 
2  through  8  (42  points)  of  Blend  II.  The  coefficient  of  variation  of  2.1  per¬ 
cent  is  approximately  the  normal  expectation  for  the  variability  of  the 
nuclear  test  device.  This  is  a  good  indication  that  material  variability  is 
low.  Having  established  the  relative  homogenuity  of  the  in-place  material,  it 
can  be  assumed  that  the  majority  of  any  test  variability  can  be  attributed  to 
a  particular  test  device  or  procedure. 

29.  DSM  and  CBR  data  including  the  mean,  standard  deviation,  and  coeffi¬ 
cient  of  variation  are  summarized  in  Table  2  for  the  eight  construction  lifts 
of  Blend  II.  Significant  influence  of  either  depth  or  thickness  on  the  magni¬ 
tude  of  DSM  values  is  clearly  evidenced.  Since  there  is  a  substantially  large 
difference  in  magnitude  of  the  mean.®  of  these  data  sets,  variability  will  be 
compared  using  the  coefficient  of  variation.  The  coefficient  of  variation 
gives  the  standard  deviation  as  a  percentage  of  the  mean  and  is  independent  of 
the  scale  of  measurement.  Average  coefficients  of  variation  of  5.6,  14.7,  and 
21.7  percent  were  obtained  for  the  WES  l6-kip  DSM,  road  rater  DSM,  and  CBR, 
respectively . 

30.  NDT  results  on  the  Blend  II  are  shown  to  be  substantially  less 


variable  than  CBR's,  Also,  the  DSM  from  the  WES  l6-kip  vibrator  is  much  less 
variable  than  the  DSM  obtained  with  the  road  rater  which  is  essentially  a 
scaled-down  version  of  the  larger  machine.  These  low  values  of  test  vari¬ 
ability  for  the  NDT  devices  are  encouraging;  however,  there  is  some  concern  as 
to  whether  this  is  a  true  measure  of  in-place  material  variability.  It  is 
possible  that  in-situ  conditions  are  being  altered  as  the  vibratory  test  is 
performed.  If  some  compaction  occurs,  the  DSM  could  be  reflecting  the  stiff¬ 
ness  which  exists  after  the  system  has  essentially  reached  an  equilibrium. 

The  extent  of  this  alteration  (if  in  fact  there  is  any  significant  change)  has 
not  been  evaluated,  but  it  seems  that  this  may  be  an  important  factor  influ¬ 
encing  the  sensitivity  of  NDT  to  small  fluctations  in  density. 

31.  The  higher  variability  obtained  for  the  CBR  test  was  somewhat  ex¬ 
pected.  It  is  recognized  that  the  CBR  test  is  much  more  localized  than  the 
NDT,  and  the  nature  of  the  test  itself  (small  diameter  piston,  etc.)  suggests 
that  it  would  be  extremely  susceptible  to  even  minor  surface  variations.  Even 
though  nuclear  densities  in  Table  1  indicated  uniformity,  it  is  reasonable  to 
assume  that  at  least  some  of  the  variability  can  be  attributed  to  the  loose 
condition  of  the  surface  of  Blend  II  resulting  from  minimal  compaction  at  a 
low  moisture  content.  Also,  Blend  II  is  not  a  soil  type  on  which  CBR  tests 
would  typically  be  performed.  Validity  of  the  test  on  granular  materials  is 
often  questioned,  and  field  CBR's  are  usually  performed  on  subgrade  soils  pos¬ 
sessing  some  degree  of  cohesion. 

32.  To  evaluate  the  effect  of  material  type  on  the  magnitude  of  ob¬ 
served  test  variability,  WES  l6-kip  DSM  and  CBR  test  results  shown  in  Table  3 
for  the  silt  and  buckshot  clay  materials  were  compared  with  the  average  re¬ 
sults  obtained  on  Blend  II.  Since  there  are  only  two  CBR's  per  lift,  the 
mean,  standard  deviation,  and  coefficient  of  variation  shown  in  Table  3  were 
determined  using  the  combined  CBR  data  from  all  construction  lifts.  Statis¬ 
tical  analysis  should  provide  fairly  representative  values  for  the  silt  and 
buckshot  materials  even  though  these  data  sets  are  much  smaller  than 

Blend  II.  Results  summarized  in  Table  4  show  coefficients  of  variation 
ranging  from  15.6  to  21.7  percent  (average  =  19.4  percent)  for  the  CBR  test 
and  from  5.6  to  14.3  percent  (average  =  8.8  percent)  for  the  WES  l6-kip  DSM. 
These  narrow  ranges  defined  by  the  test  variabilities  on  three  different 
materials  suggest  that  the  magnitude  of  test  variability  (for  these  particular 
tests)  is  relatively  independent  of  soil  type.  Again,  the  validity  of  these 


numbers  is  somewhat  questionable  due  to  the  small  sample  size  and  should  be 
interpreted  accordingly. 

33.  The  falling  weight  device  was  not  available  during  the  majority  of 
construction  and  was  not  included  in  Table  2.  Variability  of  the  falling 
weight  deflectometer  as  compared  to  the  vibratory  devices  was  evaluated  using 
test  results  obtained  during  traffic  on  three  items  that  were  selected  because 
they  exhibited  very  little  change  in  stiffness  as  the  2,600  passes  were  ap¬ 
plied.  Test  data  and  statistics  (mean,  standard  deviation,  and  coefficient  of 
variation)  for  the  WES  16-kip,  road  rater,  and  falling  weight  deflectometer 
DSM's  are  presented  in  Table  5.  A  minimum  of  10  cases  were  available  in  each 
of  the  data  sets.  An  average  coefficient  of  variation  of  10.3  percent  was  ob¬ 
tained  for  the  falling  weight  as  compared  to  4.7  and  23.8  percent  for  the  WES 
l6-kip  vibrator  and  road  rater,  respectively.  There  was  little  difference  be¬ 
tween  the  l6-kip  variability  during  traffic  and  the  variability  obtained  dur¬ 
ing  construction.  An  increase  in  variability  of  about  70  percent  was  observed 
for  the  road  rater  tests  performed  during  traffic.  This  large  increase,  which 
was  experienced  on  all  three  items,  seems  to  indicate  that  the  variability  of 
the  smaller  vibrator  may  be  a  function  of  the  stiffness  of  the  material  being 
tested.  In  any  event,  the  10  percent  variability  for  the  falling  weight  ranks 
between  the  16  kip  (5  percent)  and  the  road  rater  (14.7  percent  during 
construction) . 

34.  Having  compared  the  variability  of  various  nondestructive  devices  to 
that  of  conventionally  determined  densities  and  CBR's,  the  number  of  samples 
required  by  each  procedure  to  ensure  a  particular  level  of  confidence  can  be 
calculated  from  the  statistical  data  previously  computed.  This  is  important 
since  the  speed  at  which  a  test  can  be  performed  will  sometimes  compensate  for 
a  somewhat  larger  test  variability.  For  comparison,  a  confidence  level  of 

95  percent  will  be  assumed  as  a  requirement  with  certain  specified  limits 
(plus  or  minus  a  percentage  of  the  mean).  These  limits  must  be  chosen  on 
test  by  test  basis  since  a  given  percent  deviation  in  density  will  have  a 
different  meaning  than  will  the  same  percent  deviation  in  DSM.  Since  these 
test  parameters  are  not  directly  correlatable,  limits  of  uncertainty  for  den¬ 
sity  and  CBR  were  arbitrarily  selected  as  plus-or-minus  2  percent  and  10  per¬ 
cent,  respectively.  These  values  are  considered  reasonable  based  on  past  ex¬ 
perience.  A  definite  procedure  has  not  been  established  for  the  use  of  NOT 
results  for  evaluation  of  in-place  soils;  therefore,  desired  tolerances  are 
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unknown.  However,  moderately  good  relationships  were  observed  between  DSM  and 
dry  density.  From  Figure  21,  it  was  determined  that  a  deviation  of  2  percent 
in  dry  density  corresponds  to  a  5  percent  deviation  in  the  limiting  value  of 
the  WES  16-kip  DSM.  A  limit  of  a  plus-or-minus  5  percent  for  the  NDT  devices 
appears  reasonable  and  was  selected  for  use  in  the  calculations  below. 

35.  For  comparison  purposes,  the  required  number  of  samples  for  a  two- 
sided  confidence  interval  with  the  standard  deviation  known  can  be  determined 


as  follows: 


'  *^0  (vH  ) 


where 


:  deviation  from  the  population  mean 


:  Standard  normal  variate  with  cumulative  probability 
leve.s  2  ^  ~  2 

-  standard  deviation 
:  required  nu-moer  of  tests 


For  95  percent  confidence 

a  :  0.05 

a  =  0.025 
2 


Thus , 


K  =  1.960  (from  a  table  of  normal  probability) 

Ol 


1.960  o 


L  (X) 


where 


n  =  required  number  of  te->ts 

a  :  standard  deviation  (approximated  as  s  ,  the 
sample  standard  deviation) 

L  :  specified  limits  (+) 

X  :  sample  mean 

36.  Sampling  requirements  for  density,  CBR.  l6-kip  DSM,  and  road  rater 
'SM  on  Blend  II  are  shown  in  Taole  6.  It  is  imoor :a.nt  to  note  that  re:n:::ei 
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DSM's  are  single  test  values  while  reported  densities  are  an  average  of  two 
tests  per  location,  and  reported  CBR's  are  an  average  of  at  least  three  tests 
per  location.  Therefore,  the  actual  number  of  individual  tests  required  would 
be  as  follows: 


Test 

Parameter 

Required  No. 
of  Samples 

No.  of  Tests 

Per  Sample 

Actual  No. 
of  Tests 
Required 

Density 

4.5 

X 

2 

9.0 

CBR 

20.9 

X 

3 

62.7 

l6-kip 

DSM 

4.5 

X 

1 

4.5 

Road  rater 

DSM 

32.6 

X 

1 

32.6 

Assuming  that  specified  tolerance  limits  are  within  reason  and  also  that  sam¬ 
ple  means  and  standard  deviations  for  the  small  data  sets  are  relatively  good 
approximations  of  the  true  values,  NOT  results  compare  favorably  with  conven¬ 
tional  test  results  in  terms  of  variability  and  reliability. 

37.  Sampling  requirements  for  the  three  NDT  devices  are  compared  in 
Table  7  for  test  data  collected  during  traffic  on  Item  3,  lane  1  and  Items  3 
and  4,  lane  3.  The  average  number  of  tests  required  by  each  device  is  as 
follows : 

Road  Rater  Falling  Weight 
l6-kip  DSM  DSM  DSM _ 

No.  of  tests  3.4  87.6  16.1 

required 

The  high  sampling  requirement  for  the  road  rater  DSM  is  the  result  of  an  in- 
’.'■ease  in  test  variability  observed  for  the  during  traffic  tests  with  this 

d-'V  Lce . 

38.  The  statistical  evaluation  shows  that  high  levels  of  confidence  can 
c  achieved  with  NOT  devices  on  a  wide  variety  of  soil  types  by  performing  a 

'-casonable  number  of  tests.  Since  NDT  can  be  performed  very  rapidly,  the  sam¬ 
pling  requirement  could  be  met  (and  possibly  exceeded)  within  the  same  approx¬ 
imate  time  frame  as  the  nuclear  density  requirement  and  much  more  quickly  than 
■equired  CBR's  could  be  obtained.  An  additional  benefit  of  NDT  is  that  the 
anger  number  of  tests  which  could  he  performed  would  essentially  be  proofing 
in  area  and  increasing  the  chance  of  locating  trouble  spots  or  localized  weak 
areas . 
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Computation  of  Modulus  of  Elasticity  (E)  Using  Deflection 
Basin  Data  and  Layered  Elastic  Theory 


39.  The  use  of  layered  elastic  theory  is  becoming  much  more  widespread, 
and  the  concept  is  being  increasingly  accepted  as  a  viable  approach  to  pave¬ 
ment  design  and  evaluation.  Over  the  past  several  years  WES  has  experienced  a 
great  deal  of  success  in  applying  elastic  layered  theory  to  both  flexible  and 
rigid  airfield  pavement  evaluation.  Almost  all  of  the  efforts  to  this  point 
have  been  directed  toward  conventional,  in-service  pavements  with  little  at¬ 
tention  being  given  to  unsurfaced  pavements  or  quality  control  applications. 

An  evaluation  of  modulus  values  computed  on  a  lift-by-lift  basis  during  con¬ 
struction  of  the  test  section  using  layered  elastic  theory  with  NDT  deflection 
data  is  presented  in  this  section  for  a  variety  of  soil  types.  The  following 
procedure  (Bush  1980)  provided  the  means  by  which  the  modulus  values  were  de¬ 
termined. 

40.  The  deflection  basin  produced  by  applying  a  load  to  the  pavement 
with  either  of  the  three  NDT  devices  described  in  this  report  gives  a  minimum 
of  three  or  four  input  parameters  to  the  system  analysis  that  can  be  used  to 
derive  the  strength  parameters  of  the  pavement  layers.  A  program  called 
BISDEF  was  developed  to  determine  a  set  of  modulus  values  that  provide  the 
best  fit  between  a  measured  deflection  basin  and  a  computed  deflection  basin 
when  given  an  initial  estimate  of  the  modulus  values,  a  range  of  modulus 
values,  and  a  set  of  measured  deflections.  Consider  the  pavement  system  where 

a.  The  modulus  is  unknown  for  a  number  of  layers  (NL). 

b.  The  deflection  due  to  plate  load  is  measured  at  a  number  of  de¬ 
flection  (ND)  locations. 

c.  ND  is  greater  than  NL. 

The  objective  is  to  determine  the  set  of  E's  that  will  minimize  the  error 
between  the  computed  deflection  A  and  the  measured  deflection  RRD  .  To  ac¬ 
complish  the  objective,  a  relationship  was  developed  for  the  deflection  at  a 
point  J  as  a  function  of  the  unknown  E's  ,  i.e., 

M  .  f(E,  , 


then  the  error  at  a  position  where  the  deflection  was  measured  is 


RRDj  -  Aj  =  RRDj  -  f(E^  , 

This  expression  is  then  squared  and  summed  with  respect  to  each  measured  de¬ 
flection 


ND 


j  =  1 


ND 


ERROR  = 


J  =  1 


RRDj  - 


To  minimize  the  error  with  respect  to  an  unknown  E  ,  the  partial  derivation 
of  the  error  function  is  taken  with  respect  to  the  E  ,  By  taking  a  deriva¬ 
tion  with  respect  to  each  unknown  E  ,  then  a  set  of  NL  equations  is  ob¬ 
tained  that  can  be  solved  giving  the  set  of  E's  for  the  minimum  error  be¬ 
tween  the  measured  basin  and  the  computed  basin. 

41.  First,  a  set  of  E-values  is  assumed  and  the  deflection  A®  is  com 
puted  corresponding  to  the  measured  deflection  RRDj  .  Each  unknown  E  is 
varied  individually,  and  a  new  set  of  deflections  is  computed  for  each 
variation.  Using  the  two  computed  deflections  and  the  two  values  of  each  E 
a  function  is  determined  for  each  deflection.  For  example. 


El  =  log^o  ^ 


Then  the  deflection  at  location  1  is  given  as  a  function  of  E^  ,  i.e., 


^  =  An  -  S^^Et^ 


where 


A®  -  a] 


Et®  -  Ell| 
^11  ^  ~  ^11^1 


-  logiQ  of  first  assumed  value  of  E^ 


Eil^  =  log^g  of  after  the  variation 


A®  =  computed  deflection  at  position  1  for  E® 


a|  =  computed  deflection  at  position  1  for  e| 
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Likewise,  functions  are  determined  for  each  deflection  and  each  unknown  E  , 
resulting  in  J  =  1  to  ND  and  i  =  1  to  NL  .  Then 


=  *Ji  ^  ^Ji^h 


To  write  an  expression  for  Aj  as  a  function  of  all  E's  ,  the  following  is 
used: 


Aj  =  Aj  +  (changes  in  A®  due  to  changes  in  the  E's) 


Consider  when  the  modulus  of  layer  changes  from  E°  to  e|  ,  the  change  in  A 
/  4  _  \  11 


would  be  ^El|  -  • 


Thus 


NL 


‘j  = 


S,,  Et.  -  Et. 
i=1  ^ 


The  value  of  A^  can  be  expressed  in  terms  of  any  of  the  unknown  E's  , 


X • 6 • I  ^ 


j 


A®  -  ft  +  S  El,® 

“j  ■  ‘^JNL  ^  ^JNL'^'^NL 


The  expression  for  Aj  now  becomes 


NL 


^4  =  A  4MT  S,.,,  Et^,  +  S,.  El.  -  El? 

J  JNL  JNL  NL  Ji  1  1 


th  2 

The  error  squared  for  the  position  is  ~ 


ERRORj  =  RRD,  -  A  +  S..„El?„  + 


NL 


S..  El.  -  El. 


'J  "JNL  “JNL^-NL  ^Ji  “ "i 


The  summation  of  the  error  for  all  readings  is 


NL 


1  =  1 


NL  NL 

ERROR,  =  RRD,  -  A,.,,  +  S,„,  El°  +  S,.  El.  -  El° 

J  1^1  J  JNL  JNL  NL  ,  Ji  1  1 


If  a  weight  term  Wj  for  each  reading  is  to  be  applied,  then  the  expression 
becomes 


W.  -  (ERROR) 


Taking  the  partial  derivation  with  respect  to  each  E  and  setting  the  partial 
derivation  equal  to  zero,  the  following  is  obtained: 


ND  o  o 

S.,W.  RRD.  -  A..„  +  S,.,,  El®  +  S..  Et.  -  El. 

jk  j  j  jNL  JNL  NL  Ji  i  i 


If  the  equations  derived  are  put  in  the  form 


[b]  {e}  =  {c} 


the  {c}  terms  are  the  constant  part  of  the  equation.  For  k  =  1  to  NL 


O  Q 

^k  ■  ^Jk”,i  ■  ^jNL  ^JNL^*'NL  ’  ^Ji^*’i 

and  the  [e1  for  k  =  1  to  NL  and  i  =  1  to  NL  is 


J,,  Wji 

If  the  weight  term  is  chosen  to  be  Wj  =  l/RRDj  ,  the  result  is  the  same  as 
developing  the  equation  from 

RRD,  -  A, 


which  is  a  percent  type  error.  The  solution  of  the  equation  is  the  set  of 
E's  that  minimizes  the  percent  error.  The  efficiency  of  the  procedure  will 
depend  on  how  well  the  functions  represent  the  actual  relationship  between  the 
computed  deflection  and  the  E's  . 


42.  It  appears  that  as  long  as  the  final  E-values  are  within  the  initial 
input  limits,  the  A  =  f(log^Q  E)  is  a  good  representation  of  the 
relationship. 

43.  The  computer  program  BISDEF  consisting  of  the  procedure  described 
above  was  used  for  the  actual  computation  of  E  values.  BISDEF  uses  the 
BISAR  (Koninklijke/Shell  Laboratorium  1972)  layered  elastic  program  as  a  sub¬ 
routine  to  compute  surface  deflections.  The  summation  of  strains  in  the  bot¬ 
tom  layer  to  infinity  by  the  layered  elastic  model  tends  to  give  larger  de¬ 
flections  than  the  measured  values.  Bush  (1980)  showed  that  better  agreement 
is  observed  between  measured  and  predicted  deflection  basins  if  a  rigid  bound¬ 
ary  is  placed  in  the  system  model  to  compensate  for  this  effect.  Therefore,  a 
rigid  layer  was  assumed  at  a  depth  of  20  ft  below  the  surface  for  each  of  the 
cases  considered. 

44.  Deflection  basin  data  collected  with  the  WES  l6-kip  viurator  during 
construction  were  input  into  BISDEF  to  compute  modulus  values  for  buckshot 
clay  (Item  1,  lane  1),  silt  (Item  5,  lane  1),  and  Blend  II  and  lean  concrete 
(Item  3,  lane  2).  Modulus  values  were  computed  on  a  lift-by-lift  basis  for 
each  of  these  materials  using  two  different  approaches.  A  description  of  each 
and  a  comparison  of  results  are  provided  in  the  following  paragraphs, 

45.  In  the  first  approach,  each  case  is  considered  a  two-layer  system 
for  which  neither  of  the  E-values  is  known  initially.  This  would  represent 
an  evaluation  case  where  the  thickness  of  the  upper  layer  is  known,  and  no  NDT 
test  results  are  available  for  the  underlying  material.  This  is  similar  to 
what  is  done  in  conventional  pavement  evaluation  where  nondestructive  deflec¬ 
tion  basin  data  obtained  on  the  surface  layer  (asphalt  or  concrete)  are  used 
to  compute  modulus  values  for  the  surface  layer,  base  course,  and  subgrade  for 
which  only  thicknesses  are  known.  Modulus  values  computed  using  this  approach 
are  shown  in  Figures  32  through  34.  The  thickness  of  the  upper  layer  used  in 
the  computations  was  the  cumulative  thickness  for  the  particular  material 
under  consideration  (either  buckshot  clay,  silt.  Blend  II,  or  lean  concrete). 
This  thickness  appears  along  the  left  side  of  the  figures.  In  each  instance, 
the  lower  layer  (subgrade)  was  assumed  to  extend  to  a  rigid  boundary  placed  at 
a  depth  of  20  ft  below  the  surface.  For  example,  looking  at  the  top  portion 
of  Figure  32,  modulus  values  of  86,205  and  7,289  psi  were  computed  for  the 
first  lift  (8.6  in.)  of  crushed  stone  and  the  subgrade  (material  beneath  the 
crushed  stone),  respectively.  Sixteen-kip  deflection  data  obtained  on  the 


surface  of  the  8.6-in.  layer  of  crushed  stone  were  input  into  BISDEF  for  com¬ 
putation  of  these  modulus  values.  Likewise,  it  is  shown  that  modulus  values 
of  128,505  and  13,246  psi  were  obtained  for  the  36-in.  layer  of  crushed  stone 
and  subgrade,  respectively.  Deflection  data  obtained  on  the  surface  of  the 
36  in.  of  crushed  stone  were  used  to  compute  the  modulus  values. 

46.  In  the  second  approach,  each  case  is  considered  a  multilayer  system 
for  which  E-values  for  all  layers  except  the  uppermost  are  known.  This  would 
represent  a  design  verification  or  possibly  a  quality  control  situation  where 
NDT's  have  been  performed  and  modulus  values  computed  for  each  of  the  underly¬ 
ing  layers  during  construction.  Modulus  values  from  BISDEF  for  the  crushed 
stone,  buckshot  clay,  silt,  Blend  II,  and  lean  concrete  are  shown  in  Figures 
35  throgh  37.  Again,  the  thickness  of  the  upper  layer  (the  only  layer  for 
which  E's  are  being  computed  in  this  approach)  is  the  cumulative  thickness 
of  the  layer  under  consideration  which  appears  on  the  left  side  of  each  fig¬ 
ure.  Modulus  values  for  the  material  below  the  test  bed  were  determined  from 
BISDEF  using  l6-kip  deflections  measured  at  the  bottom  of  the  completed  exca¬ 
vation  prior  to  the  placement  of  any  backfill.  The  subgrade  was  considered  as 
a  two-layer  system  with  the  upper  48  in.  representing  the  material  above  the 
water  table  and  the  lower  layer  extending  to  the  rigid  boundary  assumed  at  a 
depth  of  20  ft  below  the  surface.  Results  shown  in  Figure  35  for  the  crushed 
stone  can  be  presented  to  further  illustrate  this  approach.  Modulus  values  of 
20,389  and  4,400  psi  for  the  upper  and  lower  subgrade  layers,  respectively, 
were  determined  using  BISDEF  and  l6-kip  deflection  basin  data  collected  on  the 
surface  of  the  completed  excavation  in  lane  1,  Item  1  before  the  placement  of 
the  first  lift  of  buckshot  clay.  The  modulus  of  10,676  psi  was  then  deter¬ 
mined  for  the  36-in.  layer  of  buckshot  clay  by  inputting  the  known  subgrade 
moduli  and  l6-kip  deflection  data  obtained  on  the  surface  of  the  clay  layer 
into  BISDEF.  Finally,  with  the  modulus  values  for  all  the  underlying  layers 
known,  l6-kip  deflection  data  obtained  on  the  surface  of  each  lift  of  crushed 
stone  were  input  into  BISDEF  for  calculation  of  modulus  values  for  the  various 
layer  thicknesses  shown  in  Figure  35. 

47.  Comparison  of  E-values  from  the  one-  and  two- variable  layer  systems 
shows  very  good  agreement  for  Blend  II,  silt,  and  lean  mix  concrete  with  some 
relatively  sm.all  discrepancies  appearing  for  the  buckshot  clay  and  crushed 
limestone  materials.  Modulus  values  computed  for  the  first  layer  in  every 
case  were  much  higher  than  and  did  not  fit  the  trends  established  by  the 


thicker  layers.  Plots  of  E  versus  thickness  for  the  two  approaches  are 
presented  in  Figures  38  and  39  with  best-fit  curves  included.  The  apparently 
erroneous  E-values  for  the  thin  layers  were  not  considered  in  the 
determination  of  best-fit  polynomial  equations.  These  data  points  are  shown 
on  the  plots  only  to  provide  an  indication  of  the  relative  magnitudes  of 
inconsistency  with  respect  to  results  obtained  for  thicker  layers.  This 
discrepancy  cannot  be  fully  explained,  but  there  are  several  factors  that 
might  possibly  contribute  to  some  error  in  the  modulus  value  computed  for  a 
thin,  weak,  surface  layer. 

48.  First,  one  of  the  limitations  of  this  approach  is  that  layered 
elastic  theory  assumes  a  uniform  pressure  applied  to  the  surface.  With  the 
l6-kip  vibrator,  the  load  is  applied  through  a  rigid  circular  plate  with  the 
center  deflection  measured  on  top  of  that  plate.  Therefore,  a  difference  does 
exist  in  the  measured  center  deflection  and  a  deflection  computed  from  elastic 
layer  procedures  at  the  center  of  the  load  area.  For  the  analysis  presented 
in  Figures  32  through  37,  the  center  deflection  was  applied  at  an  offset  of 
one-half  the  radius  (4.5  in.)  as  is  commonly  used  when  evaluating  deflections 
measured  on  pavement  surfaces.  The  effect  of  increasing  the  offset  distance 
on  the  layered  elastic  solution  is  illustrated  in  Figure  40.  The  higher 
deflection  predicted  at  the  center  of  the  uniformly  loaded  area  (indicated  by 
the  dashed  line)  for  the  larger  offset  would  yield  a  considerably  lower 
modulus.  For  example,  the  modulus  value  of  the  surface  layer  (14.0  in.  of 
silt)  obtained  using  the  deflection  basin  in  Figure  40  and  a  9.0-in.  offset 
would  be  reduced  from  the  53,519  psi  shown  in  Figure  33  (for  a  4. 5- in.  offset) 
to  only  30,735  psi.  If  computations  were  made  to  determine  exactly  where  the 
elastic  layer  solution  and  field  data  coincide,  it  would  likely  be  somewhere 
between  the  one-half  and  one-radius  offsets  depending  primarily  on  the  modulus 
of  the  surface  layer.  The  problem  defined  here  would  have  a  more  pronouned 
effect  on  a  thin  surface  layer  because  the  modulus  value  would  be  strongly 
influenced  by  the  deflection  measured  nearest  the  load  area. 

49.  Secondly,  when  testing  on  relatively  soft  materials,  the  ocurrence 
of  permanent  deformation  may  affect  the  measured  displacement  of  the  load 
plate.  The  extent  of  this  deviation  has  not  been  previously  evaluated.  For 
the  l6-kip  vibrator,  deflections  are  obtained  by  direct  integration  of  signals 
from  velocity  transducers.  For  the  steady-state  vibratory  loading  case,  ve¬ 
locity  will  be  in  the  form  of  a  sine  wave.  This  signal  can  be  somewhat 


altered  if  excessive  permanent  deformation  is  experienced  beneath  the  plate 
during  the  performance  of  a  test.  Essentially,  if  the  surface  moves  downward 
and  is  not  able  to  completely  recover,  the  lower  half  of  the  sine  wave  may 
have  a  smaller  peak  value  than  the  upper  half.  Integration  of  the  altered 
sine  wave  would  yield  a  low  deflection  value.  This  error  will  be  especially 
critical  for  a  thin  surface  layer  where  the  E-value  is  primarily  dependent  on 
the  plate  deflection.  If  the  thickness  were  increased,  offset  deflections 
would  have  a  more  significant  influence  on  the  E-value  computed  for  the  upper 
layer,  and  any  error  in  the  plate  deflection  would  be  less  detrimental. 

50.  It  appears  'hat  about  15  in.  is  the  minimum  surface  layer  thickness 
for  which  E's  can  be  accurately  computed  on  a  weak  layer  without  somehow  ac¬ 
counting  for  the  limitations  discussed  in  the  preceding  paragraphs.  For  sur¬ 
face  layers  greater  than  15  in.  thick,  computed  modulus  values  appeared  rea¬ 
sonable  and  compared  relatively  well  with  laboratory  resilient  modulus  test 
results  shown  in  Table  A2.  Results  are  summarized  in  the  following: 


Resilient  Modulus  Test 


Material 

E  from 
2-Var iafc 1 
Layers 
ps  i 

3ISDEF,  psi 
e  1 -Variable 
Layer 
gsi 

03  i 

Range  of  Resilient 
Modulus  for  Pulse  (o/o,) 
Varying  from  2  to  5 
psi 

Average 

Resilient 

Modulus 

psi 

Crushed 

94,954 

97,309 

5 

133,878-169,671 

159,862 

1  imestor.e 

(65,157- 

(37,860- 

10 

191,254-269,919 

224,303 

128,505) 

194,371) 

20 

175,195-534,332 

407,946 

40 

345,063-892.082 

510,348 

3  ickshot 

19,837 

13,941 

5 

2,989-  10,642 

6,287 

(15,546- 

( 10,201- 

10 

3,087-  7,320 

5,203 

26,513) 

18,074) 

+ 

-- 

— 

Silt 

37,651 

13,941 

5 

19,046-  23,227 

20,678 

(33. '75- 

(32,658- 

10 

21,251-  22,441 

21,685 

•il  ,290 ) 

40,851) 

20 

28,821-  32,006 

30,259 

40 

26,752-  46,887 

41,131 

r  I  I 

67.939 

64. '79 

5 

30,149-  32.695 

31,486 

i  0  1  ,  t  !  V 

^46,476- 

10 

40,904-  43,393 

42,264 

32,644) 

33,988) 

20 

56,799-  60.931 

59,371 

40 

88,721-  98,569 

93,487 

7:ot  tei'Tir.ated  at  3  pu.ses  due  to  excessive  axial  deformation. 
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indicated  the  modulus  of  Blend  II  to  be  about  twice  the  magnitude  of  the  silt 
modulus.  The  same  would  have  probably  been  true  for  the  buckshot  if  the 
laboratory  test  had  not  been  discontinued  during  the  10-psi  iteration  due  to 
excessive  axial  deformation.  Modulus  values  for  the  crushed  limestone  more 
nearly  approximated  the  laboratory  resilient  modulus  at  a  lower  confining 
pressure  (o^  =  5  psi). 

51.  Plots  of  DSM  versus  thickness  for  the  three  test  items  under  con¬ 
sideration  are  shown  in  Figure  Hi.  A  great  deal  of  similarity  exists  between 
the  DSM-thickness  and  E-thickness  relationships  (see  also  Figures  38  and 
39).  E-values  computed  from  BISDEF  for  both  the  one-  and  two-variable  layer 
cases  are  plotted  in  Figures  42  and  43  with  the  corresponding  l6-kip  DSM's. 
Relationships  between  E  and  DSM  developed  for  the  data  in  Figures  37,  38, 
and  41  appear  to  be  approximately  linear  and  largely  dependent  on  soil  type 
with  the  materials  representing  three  separate  groups.  Buckshot  clay,  silt, 
and  lean  clay  can  apparently  be  grouped  together  as  one  soil  type  while 
Blend  II  and  crushed  limestone  represent  two  additional  groups.  Linear 
best-fit  equations  and  correlation  coefficients  determined  for  ea:h  soil  type 
are  Included  in  the  figures.  Average  r-square  values  of  0.96  and  0.78  were 
obtained  for  the  one-  and  two-variable  layer  cases,  respectively.  Further 
study  will  be  required  to  determine  whether  these  relationships  are  affected 
by  varying  the  modulus  of  the  underlying  materials.  Direct  correlation  of  DSM 
to  E  would  provide  a  relatively  easy,  quick  method  of  determining  input 
parameters  for  design  and  evaluation  based  on  layered  elastic  theory. 

Compar ison  of  Predicted  Deflections  to  Measured 

tions  at  Depth 

52.  A  series  of  failing  weight  def leccometer  tests  was  performed  over 
each  of  the  six  linear  variable  differential  transformer  (LVDT)  gages  in 
lane  1  immediately  after  traffic  testing  was  completed  and  Just  before  all 
instrumentation  was  to  be  removed  from  the  test  bed.  Falling  weight  deflec¬ 
tions  measured  at  the  center  of  the  load  plate  at  force  levels  of  approxi¬ 
mately  4,  6,  9,  and  14  kips  and  the  corresponding  LVDT  deflections  at  depth 
are  presented  in  Table  8.  Vertical  displacements  at  the  surface  and  each  LVDT 
gage  location  are  plotted  versus  dynamic  force  applied  at  the  surface  in 
Figures  dU  through  d6.  Deflection  response  of  material  beneath  the  surface  is 
shown  to  be  linear  up  to  tne  'V-kip  load  level. 


Surface  deflections  for 


Items  1  and  3  are  approximately  linear  only  up  to  the  9-kip  load  level. 

53.  Falling  weight  deflectiof  basins  measured  at  the  14-kip  load  level 
were  input  into  the  computer  program  BISDEF  to  determine  modulus  values  for 
the  materials  in  each  of  the  three  items.  A  two-variable  layer  system  was  as¬ 
sumed  for  each  item  with  a  rigid  boundary  placed  at  a  depth  of  20  ft  below  the 
surface.  With  these  modulus  values,  the  BISAR  program  was  then  used  to  com¬ 
pute  deflections  for  the  surface  and  depths  corresponding  to  each  LVDT  gage 
location  for  a  load  equivalent  to  that  obtained  with  the  falling  weight  de¬ 
vice.  Falling  weight  basin  data,  modulus  values  from  BISDEF,  and  comparisons 
between  measured  and  computed  deflections  are  shown  in  Table  9.  Measured  and 
computed  deflections  are  plotted  with  depth  for  each  item  in  Figure  47.  Com¬ 
puted  surface  deflections  differed  from  the  falling  weight  deflections  mea¬ 
sured  at  the  center  of  the  load  plate  by  less  than  3  percent.  The  average 
deviation  between  deflections  computed  below  the  surface  using  BISAR  and  cor¬ 
responding  displacements  measured  with  the  LVDT's  was  29.7  percent  with  the 
largest  difference  (77  percent)  occurring  at  the  interface  between  the  crushed 
limestone  and  buckshot  clay  in  Item  1.  Results  of  the  limited  analysis 
provide  a  good  indication  that  material  properties  and  also  their  behavior 
under  loading  can  be  accurately  estimated  using  NDT  and  layered  elastic 
theory . 


NDT  Test  Results  During  Traffic 


54.  NDT  tests  were  performed  periodically  during  traffic  testing  as  an 
overall  monitor  of  the  structural  integrity  of  each  item  and  to  possibly  pro¬ 
vide  indications  of  structural  deterioration  due  to  the  repeated  load  applica¬ 
tions.  Test  results  plotted  in  Figures  48  through  68  for  each  of  the  NDT  de¬ 
vices  at  0,  326,  and  2,600  passes  reveal  a  general  tendency  of  the  stiffness 
to  decrease  as  the  number  of  passes  is  increased;  however,  this  is  not  true 
for  all  cases.  It  should  be  noted  that  various  diameter  culvert  pipes  were 
installed  in  Item  2  (lanes  1  and  2),  and  their  presence  is  reflected  in  the 
falling  weight  stiffness  profiles  (Figures  55  and  60).  Closer  examination  of 
the  relationship  between  the  l6-kip  DSM  and  number  of  load  applications  is 
provided  in  Figures  69  through  71.  In  all  cases,  the  most  substantial  change 
in  DSM  was  realized  early  (between  0  and  326  passes)  after  which  a  subtle  de¬ 
crease  in  stiffness  occurred  during  application  of  the  remainder  of  the 


2,600  passes.  Best-fit  linear  equations  determined  for  the  latter  portions  of 
each  of  the  DSM  versus  passes  plots  show  that  the  DSM's  actually  decrease  on 
slopes  of  -0.0025  to  -0.07.  The  marked  decrease  in  stiffness  observed  for 
lane  2  during  the  first  130  passes  is  the  result  of  cracking  of  the  cement- 
stabilized  and  lean  concrete  materials.  Relatively  small  changes  in  DSM 
measured  between  300  and  2,600  passes  for  all  three  lanes  can  be  substantiated 
by  the  fact  that  little  apparent  structural  damage  was  evidenced  in  the  form 
of  rutting.  It  was  also  observed  that  the  cement-stabilized  materials  in 
lane  2  remained  solidly  intact  even  though  numerous  cracks  were  present. 

55.  The  assumption  that  performance  can  be  directly  correlated  to  de¬ 
flection  data  has  recently  been  the  subject  of  a  great  deal  of  controversy. 

The  data  collected  during  this  study  does  show  a  definite,  although  small,  de¬ 
crease  in  stiffness  occurring  during  the  application  of  2,600  passes  of  the  MX 
load  cart.  Unfortunately,  traffic  was  stopped  before  failures  occured,  and 
all  indications  were  that  most  of  the  items  would  have  been  capable  of  with¬ 
standing  a  large  number  of  additional  passes.  Therefore,  it  was  not  deter¬ 
mined  how  or  to  what  extent  the  deflection  response  would  be  affected  by  the 
approach  of  failure.  Even  though  the  implications  are  good,  attempts  to  make 
performance  predictions  based  on  the  limited  data  presented  would  not  be 
feasible. 

Correlation  of  NDT  Test  Devices 

56.  Most  of  the  analysis  shown  in  this  report  has  been  focused  on  data 
obtained  with  the  l6-kip  vibrator  (the  l6-kip  DSM).  Comparisons  of  output 
from  the  three  NDT  test  devices  and  correlation  between  DSM's  for  each  device 
are  evaluated  in  this  section.  Deflection  basins  measured  on  the  completed 
test  bed  Just  prior  to  traffic  testing  are  shown  in  Figures  72  through  74. 
Deflections  have  been  normalized  to  a  5,000-lb  force  level  so  that  direct 
comparisons  can  be  made.  With  the  exception  of  those  deflections  measured  at 
the  center  of  the  load  plate,  much  similarity  is  observed  between  the  basins 
for  each  device.  As  a  result  of  the  large  difference  in  pre-load  between  the 
two  vibratory  devices  (4,000  lb  for  the  road  rater  as  compared  to  16,000  for 
the  16-kip  vibrator),  piate  deflections  measured  for  the  smaller  road  rater 
are  slightly  higher  than  those  measured  with  the  l6-kip  vibrator  at  the 
equivalent  force  levels.  Plate  deflections  for  the  falling  weight  were 


generally  much  larger  than  for  either  of  the  vibratory  devices.  This  can  be 
attributed  to  the  fact  that  significantly  higher  pressures  would  be  realized 
beneath  the  smaller  load  plate  used  on  the  falling  weight  {12-in.  diam  as 
compared  to  18-in.  diam  for  the  vibratory  devices).  Even  though  these  com¬ 
parisons  are  valid  for  this  particular  force  level,  it  should  be  noted  that 
5,000  lb  is  near  the  upper  limit  of  output  capability  for  the  road  rater  but 
would  be  considered  a  low  force  output  for  both  the  1 6-kip  vibrator  and  the 
falling  weight  deflectometer . 

57.  Similarity  between  the  output  for  each  of  the  NOT  test  devices  sug¬ 
gests  that  correlation  of  DSM's  might  be  possible.  However,  since  DSM  is  a 
function  of  plate  deflection,  a  one-to-one  relationship  will  not  exist.  Fall¬ 
ing  weight-  and  road  rater-DSM's  were  correlated  to  the  l6-kip  DSM,  and  re¬ 
sults  are  shown  in  Figures  75  and  76.  An  r-square  value  of  0.74  and  a  stan¬ 
dard  error  of  117.3  were  obtained  for  the  falling  weight  DSM  correlation 
(based  on  328  tests).  Scatter  in  the  data  appears  relatively  constant 
throughout  the  range  of  DSM's  evaluated.  A  lower  r-square  value  of  0.6l  was 
obtained  for  the  road  rater  correlation  (based  on  398  tests),  and  the  standard 
error  was  178.2.  A  large  increase  in  scatter  is  observed  at  the  higher  DSM 
levels.  The  significance  of  such  correlations  is  the  abiliy  to  use  a  par¬ 
ticular  NDT  device  to  obtain  input  parameters  for  a  design  or  evaluation 
procedure  developed  around  a  different  NDT  device  or,  in  effect,  equipment 
destandardization.  Good  indications  are  shown  for  correlation  between  the 
l6-kip  vibrator  and  the  falling  weight  deflectometer  while  the  large  amount  of 
scatter  observed  for  the  road  rater  implies  that  a  reliable  correlation  for 
this  device  is  unlikely. 


PART  III:  SUMMARY  AND  CONCLUSIONS 


58.  An  evaluation  and  comparison  of  NDT  and  conventional  test  parauneters 
measured  during  the  construction  and  trafficking  of  a  test  bed  built  in  sup¬ 
port  of  the  MX  Road  Criteria  Study  are  presented  in  this  report.  DSM  was  the 
primary  NDT  parameter  considered  in  the  study.  The  fact  that  DSM  provides  a 
measure  of  a  layered  soil  system's  resistance  to  deformation  and  has  been  cor¬ 
related  to  allowable  load  for  pavement  evaluation  procedures  leads  to  the  idea 
of  substituting  NDT  data  as  a  measure  of  soil  strength  and  using  it  for  com¬ 
paction  control  and  as  a  primary  design  parameter.  The  development  of  such  an 
idea  into  usable  procedures  would  provide  vast  improvements  over  existing 
methodologies.  Findings  of  this  investigation  are,  however,  inconclusive  with 
regard  to  the  feasiability  of  NDT  for  pavement  construction  quality  control 
and  design  verification  during  construction.  This  is  due  in  part  to  limita¬ 
tions  of  the  data  set.  Even  though  a  large  volume  of  data  was  available  (Ap¬ 
pendix  A),  it  was  not  the  result  of  a  well  designed  experiment  aimed  at  evalu¬ 
ating  the  use  of  NDT,  but  rather  a  collection  of  supplemental  data  that  would 
have  been  more  useful  if  the  planned  follow-on  test  section  had  not  been  can¬ 
celled.  The  MX  data  did  provide  some  good  information  in  terms  of  direct  com¬ 
parisons  between  NDT  results  and  conventional  test  parameters,  but,  since  the 
individual  materials  were  essentially  tested  under  only  one  set  of  conditions 
(density,  moisture  content,  and  CBR),  their  relative  sensitivities  with  re¬ 
spect  to  variation  in  placement  conditions  (quality  control)  could  not  be 
evaluated.  Thus,  the  results  presented  in  this  report,  although  inconclusive, 
may  prove  to  be  a  valuable  stepping  stone  toward  further  research  and  develop¬ 
mental  programs  based  on  NDT  techniques. 

59.  Significant  findings  of  this  report  along  with  some  general  conclu¬ 
sions  are  presented  as  follows: 

a.  It  appears  that  DSM  versus  thickness  relationships  can  be  de¬ 
termined  for  any  soil  type  and  that  there  will  exist  a  limiting 
stiffness  for  each  material.  Based  on  those  materials  tested, 
indications  are  that  a  linear  relationship  exists  between  the 
limiting  DSM  and  the  common  logarithm  of  field  dry  density. 

Once  sufficient  thickness  has  been  added  to  achieve  the  Limit¬ 
ing  value,  no  change  in  DSM  can  be  realized  by  further  addition 
of  the  same  quality  material.  Additional  research  is  needed  to 
further  study  the  DSM-thickness  relationship  as  it  pertains  to 
the  evaluation  of  in-place  material  properties.  It  appears 
feasible  that  through  further  research  normalized  relationships 
could  be  developed  for  various  quality  materials.  Laboratory 


parameters  such  as  resilient  modulus  might  prove  to  be  useful 
in  establishing  these  relationships  by  providing  a  means  of 
accounting  for  the  effects  of  widely  varying  material 
properties . 

Based  on  a  relative  structural  ranking  of  the  materials  evalu¬ 
ated  in  this  study,  it  can  be  suggested  that  perhaps  DSM  is  a 
better  indicator  of  in-place  strength  with  respect  to  perfor¬ 
mance  than  CBR.  This  is  especially  true  when  testing  granular 
materials  where  surface  effects  and  the  nature  of  the  material 
itself  can  greatly  influence  the  measured  CBR  value,  and  re¬ 
sults  may  not  reflect  the  actual  performance  potential  of  the 
material.  DSM  is  a  potentially  good  indicator  of  strength  for 
all  soil  types;  however,  it  was  also  shown  to  be  a  function  of 
thickness  as  well  as  strength. 

DSM-thickness  relationships  were  observed  to  be  largely  influ¬ 
enced  by  material  densitites.  Results  from  a  linear  regression 
analysis  of  the  data  indicate  a  good  correlation  between  den¬ 
sity  and  surface  DSM,  thickness  of  material  above  the  subgrade, 
and  subgrade  DSM.  Further  investigation  could  result  in  some 
improvement  of  this  correlation  and  possibly  allow  for  direct 
determination  of  density  from  deflection  data.  This  will  de¬ 
pend  mostly  on  the  sensitivity  of  NDT  results  to  relatively 
small  changes  in  the  density  of  a  particular  material. 

Efforts  to  directly  correlate  NDT  test  results  to  the  conven¬ 
tional  strength  parameters  of  CBR  and  k  were  relatively  un¬ 
successful.  A  linear  regression  analysis  performed  with  CBR  as 
the  dependent  variable  failed  to  yield  any  significantly  high 
correlation  coefficients.  Some  of  the  independent  variables 
entered  into  the  regression  with  CBR  included  the  surface  DSM, 
subgrade  DSM,  deflection  measured  at  the  center  of  the  load 
plate,  deflection  ratio,  and  layer  thickness.  Apparently, 
because  of  the  vast  differences  in  the  nature  of  CBR  and  NDT 
tests,  the  two  are  essentially  noncorrelatable.  Theory  pre¬ 
sented  in  this  report  strongly  indicates  that  for  the  NDT  de¬ 
vices  the  dynamic  deflection  response  for  a  given  load  level 
should  be  approximately  equivalent  to  the  deflection  response 
from  a  static  load  of  the  same  magnitude.  This  theory  could 
not  be  fully  substantiated  due  to  the  limited  number  of  plate 
tests  performed  during  the  study  and  because  the  NDT  and  plate 
bearing  tests  were  each  performed  with  different  size  load 
plates . 

A  comparison  between  the  test  variabilities  obtained  for  the 
nuclear  moisture-density  gage,  field  CBR,  l6-kip  DSM,  and  road 
rater  DSM  yielded  the  following  results: 


Test 

Parameter 


Coefficient 
of  Variation 
Percent 


Material 

Type 

Test 

Parameter 

Coefficient 
of  Variation 
Percent 

Blend  II 

CBR  (percent) 

21.7 

Blend  II 

16-kip  DSM 
(kips/in. ) 

5.6 

Blend  II 

Road  rater 

DSM  (kips/in.) 

14.7 

A  comparison  of  these  results  with  1 6-kip-  and  CBR-coeff icients 
of  variation  on  silt  and  buckshot  clay  materials  shows  that  the 
magnitude  of  variability  for  these  test  parameters  is  rela¬ 
tively  independent  of  soil  type.  Average  coefficients  of  vari¬ 
ation  of  ^.7,  10.3,  and  23.8  percent  were  obtained  for  the 
l6-kip,  falling  weight  deflectometer ,  and  road  rater  DSM's,  re¬ 
spectively,  based  on  test  data  collected  during  traffic  testing 
on  three  separate  items.  The  coefficient  of  variation  for  the 
road  rater  increased  from  14.7  percent  during  construction  to 
23.8  percent  during  traffic  testing.  It  appears  that  variabil¬ 
ity  of  the  road  rater  DSM  increases  as  the  magnitude  of  the  DSM 
increases.  Statistical  data  were  then  used  to  compute  the 
number  of  tests  required  by  each  procedure  to  achieve  a  hypo¬ 
thetical  95  percent  confidence  level  within  specified  limits. 

It  was  shown  that  high  levels  of  confidence  can  be  obtained  for 
the  16-kip  and  falling  weight  devices  by  performing  a  reason¬ 
able  number  of  tests.  Based  on  these  results,  reliability  of 
the  road  rater  is  somewhat  questionable  but  the  variability  of 
this  device  should  be  reevaluated  before  any  final  conclusions 
are  drawn. 

The  use  of  NOT  deflection  data  with  layered  elastic  theory  is  a 
viable  ilternative  for  design  verification  and  structural 
evaluation.  The  computer  program  BISDEF  was  developed  to 
compute  modulus  values  for  each  layer  in  a  multi-layer  pavement 
system  using  the  deflection  basin  from  an  NDT  device  and  the 
procedures  described  in  this  report.  Modulus  values  were 
computed  for  several  of  the  materials  in  the  test  section  using 
BISDEF  and  deflection  basins  measured  with  the  1 6-kip  vibra¬ 
tor.  In  all  cases,  the  moduli  for  thin  surface  layers  were 
erroneously  high.  For  subsurface  layers  and  surface  layers 
greater  than  about  15  in.  thick,  computed  modulus  values 
appeared  reasonable  and  compared  relatively  well  with  labora¬ 
tory  resilient  modulus  values.  With  this  procedure,  the 
modulus  of  a  thin  layer  at  the  surface  will  be  greatly  influ¬ 
enced  by  the  center  deflection  reading  from  an  NDT  device  even 
though  weighting  factors  are  applied  to  more  evenly  distribute 
the  effects  of  each  deflection.  The  fact  that  the  load  is 
being  applied  through  a  rigid  circular  plate  rather  than  as  a 
uniform  pressure  on  the  surface  and  the  occurrence  of  excessive 
permanent  deformation  during  a  test  are  two  possible  sources  of 
error  in  the  center  deflection  reading.  Further  study  is 
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required  to  determine  to  what  extent  these  factors  will  affect 
the  measured  deflection  response  and  devise  ways  of  eliminating 
or  correcting  errors. 

Vertical  deflections  at  depth  predicted  from  BISAR  using 
E-values  determined  from  BISDEF  and  falling  weight  deflec- 
tometer  deflection  basins  compared  favorably  with  vertical  dis¬ 
placements  measured  at  depth  with  LVDT  gages, 

NDT  results  obtained  periodically  throughout  the  traffic  test¬ 
ing  phase  reveal  a  general  tendency  of  the  stiffness  to  de¬ 
crease  slightly  as  the  number  of  passes  is  increased.  This 
subtle  decrease  in  DSM  was  not,  however,  observed  for  all  test 
items.  Very  little  useful  performance  data  were  gained  because 
traffic  on  the  test  section  was  stopped  after  2,600  passes 
(before  structural  failures  occurred).  Therefore,  it  was  not 
determined  how  or  to  what  extent  the  NDT  results  might  have 
been  affected  by  the  approach  of  failure.  In  order  to  success¬ 
fully  use  a  design  or  evaluation  procedure  such  as  the  one 
described  in  this  report  (based  on  layered  elastic  theory)  to 
verify  the  design  of  pavement  sublayers  or  evaluate  unsurfaced 
pavement  structures,  development  of  an  adequate  performance 
criteria  is  essential. 

Deflection  basins  from  each  of  the  NDT  devices  appear  very  sim¬ 
ilar  (except  for  the  deflection  measured  at  the  center  of  the 
load  plate)  when  normalized  to  a  common  force  level.  Differ¬ 
ences  in  magnitude  of  the  observed  center  deflection  are 
attributed  to  the  effects  of  static  preloads  applied  by  the 
vibratory  devices  and  the  difference  in  load  plate  diameter 
between  the  vibrators  and  the  falling  weight  deflectometer . 
Relatively  good  correlation  was  found  between  l6-k:ip  and 
falling  weight  deflectometer  DSM’s  (r-square  =  0.74).  The 
correlation  between  16-kip  and  road  rater  DSM's  was,  however, 
weaker  (r-square  =  0.61)  due  to  a  large  amount  of  scatter  in 
the  higher  DSM  values  obtained  with  the  road  rater. 
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PART  IV:  RECOMMENDATIONS 


60.  The  following  recommendations  are  offered  toward  further  research, 
development,  and  validation  of  NDT  procedures  and  methodologies  for  pavement 
construction  quality  control,  design/design  verification,  and  evaluation. 

a.  Additional  data  from  highly  controlled  test  sections  should  be 
collected  on  several  different  soil  types  and  analyzed  to  re¬ 
fine  DSM  versus  thickness  relationships.  Efforts  should  be  di¬ 
rected  toward  normalization  of  these  DSM-thickness  relation¬ 
ships  and  improvement  of  density  correlations  through  regres¬ 
sion  analysis.  Each  soil  should  be  tested  over  a  range  of  den¬ 
sities  to  evaluate  the  sensitivity  of  NDT  devices  to  relatively 
small  variations  of  in-place  material  properties.  The  total 
thickness  of  each  material  considered  should  be  great  enough  to 
allow  for  determination  of  the  limiting  DSM.  Special  consider¬ 
ation  should  be  given  to  the  smaller  more  mobile  test  devices 
such  as  the  falling  weight  deflectometer  and  road  rater.  Fur¬ 
ther  study  of  their  variability  and  reliability  should  be  per¬ 
formed.  If  both  appear  feasible,  correlation  between  the  two 
should  be  attempted. 

b.  Work  involving  tests  on  various  soil  types  on  actual  construc¬ 
tion  projects  should  be  done  to  provide  needed  input  for  de¬ 
velopment  and  validation  of  NDT  construction  quality  control 
and  design  verification  techniques. 

c.  To  further  enhance  the  idea  of  using  some  type  of  NDT  result  as 
a  primary  design  parameter,  the  possibility  of  developing  lab¬ 
oratory  procedures  to  yield  relationships  between  DSM  or  E 
and  such  parameters  as  density,  moisture  content,  and  resilient 
modulus  should  be  investigated.  This  would  provide  a  means  of 
evaluating  the  performance  of  a  material  in  the  laboratory  in  a 
manner  that  would  be  directly  translatable  to  field  test  re¬ 
sults.  The  effects  of  saturation  on  nondestructive  test  param¬ 
eters  should  also  be  studied. 

d.  For  field  in-place  design  verification  or  evaluation,  a  study 
is  needed  to  develop  correlations  between  NDT  results  (DSM) 
and  k  (from  static  plate-bearing  tests).  Theory  has  been 
presented  which  indicates  that  upon  an  elastic  half-space  the 
deflection  response  from  the  NDT  devices  should  be  approxi¬ 
mately  equivalent  to  a  static  load-deflection  response.  A 
series  of  tests  should  be  performed  on  a  variety  of  soil  types 
(layered  and  unlayered)  to  determine  whether  direct  correla¬ 
tions  exist.  All  tests  should  be  performed  with  a  common  load- 
plate  diameter.  Factors  which  could  affect  the  correlation 
such  as  the  creep  or  long-term  deflection  that  is  a  charac¬ 
teristic  of  the  plate-bearing  test  should  also  be  investigated. 

e.  A  study  should  be  conducted  to  evaluate  possible  sources  of 
error  in  the  modulus  values  computed  for  thin  surface  layers 
using  l6-kip  vibrator  deflection  data  and  layered  elastic 
theory.  Modulus  values  should  be  computed  for  thin  surface 


layers  using  data  obtained  with  the  falling  weight  deflec- 
tometer  to  determine  how  these  results  would  compare  to  those 
obtained  with  the  vibratory  device. 

The  problem  of  directly  relating  information  obtained  with  an 
NDT  device  to  performance  should  be  given  a  high  priority. 

Both  structural  and  functional  modes  of  failure  must  be  con¬ 
sidered.  This  study  would  require  the  construction  of  a  test 
section  (preferably  instrumented  with  deflection  gages)  to  be 
trafficked  to  failure  with  prototype  loads.  Performance  should 
be  monitored  throughout  traffic  testing  and  the  findings  used 
to  develop  failure  criteria  for  subgrade  and  base  course  mate¬ 
rials.  Design  and  evaluation  procedures  could  then  be  de¬ 
veloped  based  on  the  DSM  and/or  layered  elastic  theory  using 
limiting  strain  criteria. 
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Table  3 

Comparison  of  Variability  of  WES  16-Kip  Vibrator  DSM  and 
CBR  on  Silt  and  Buckshot  Clay  During  Construction 


Lane  1 , 

Item  5 

Lanes  2  & 
Item  5 

3, 

Mean 

Standard 

Deviation 

Coefficient 

Variation 

16-Kip 

16-Kip 

16-Kip 

16-Kip 

16-Kip 

Lift 

DSM 

CBR 

DSM 

CBR 

DSM 

CBR 

DSM 

CBR 

DSM  CBR 

Silt 

1 

16 

260 

15 

— 

140 

2 

310 

17 

280 

17 

270 

76.2 

-- 

28.2 

330 

160 

3 

360 

15 

340 

16 

335 

-- 

60.3 

-- 

18.0 

390 

250 

4 

390 

18 

330 

19 

360 

-- 

40.8 

11.3 

400 

320 

5 

440 

19 

430 

16 

425 

17.3 

-- 

4.1 

430 

400 

6 

440 

17 

430 

21 

435 

-- 

5.8 

-- 

1.3 

440 

430 

7 

440 

21 

410 

14 

432 

17.1 

.. 

3.9 

430 

450 

8 

430 

11 

420 

425 

-- 

20.8 

-- 

4.9 

400 

450 

Averages : 

360 

16.8 

40.4 

2.6 

14.3  15.6 

Lane  1 , 

Item  1 

Lanes  2  &  3, 
Item  5 

Buckshot  Clay 

Mean 

Standard 

Deviation 

Coefficient 

Variation 

16-Kip 

16-Kip 

16-Kip 

16-Kip 

16-Kip 

DSM 

CBR 

DSM  CBR 

DSM  CBR 

DSM  CBR 

DSM  CBR 

230 

4.6 

215  4.2 

225 

7.1 

3.1 

225 

230 

210 

4.0 

200  4.9 

205 

5.8 

2.8 

210 

200 

(Continued) 


Note:  Mean,  standard  deviation,  and  coefficient  of  variation  are  shown  only 
for  cases  having  more  than  two  data  points.  Average  values  shown  for 
CBR  were  determined  using  the  combined  data  from  all  construction  lifts. 


Silt,  and  Buckshot  Clay  During  Construction 


Table  6 

Comparison  of  Required  Number  of  Tests  for  Prediction  of 
Density,  CBR,  and  WES  16-Kip  DSM  for  Blend  II 
During  Construction 


Prediction  Within  ±  L  %  at  a 
Coefficient  _ 95%  Confidence  Level _ 


Test 

Parameter 

Sample 

Mean 

(x) 

Standard 

Deviation 

a 

of 

Variation 

% 

Specified 
Limit,  L 
% 

L(x) 

Required 
Number 
of  Tests 

Density 

(PCF) 

119 

2.6 

2.1 

2 

2.4 

4.5 

CBR 

(%) 

11.9 

2.8 

21.7 

10 

1.2 

20.9 

16-kip 

DSM 

(kips/in. ) 

503 

27.2 

5.6 

5 

25.1 

4.5 

Road  rater 
DSM 

(kips/in. ) 


3 


Table  7 

Comparison  of  Required  Number  of  Tests  for  Prediction  of  WES 


16-Kip,  Road  Rater,  and  Falling  Weight  Def lectometer  DSM's 


on  Selected  Items  During  Traffic  Testin 


Sample 

Sample 

Standard 

Coefficient 

of 

Prediction  Within  ±5% 
at  95%  Confidence  Level 
Number  Required 

Test 

Mean 

Deviation 

Variation 

of  5%  Number 

Parameter 

Lane  Item  x 

a 

% 

Samples  of  Ic  of  Tests 

1  3 

3  3 

3  4 


Falling 


Directly  Over  LVDT  Gages 


Upper  Layer 

Thick¬ 

ness 

Item  Material  in. 


Lower  Layer 

Thick-  Sta- 
ness  tion  Force 
Material  in.  ft  lb 


Surface  Depth  Deflec- 
Deflec-  of  tion  at 
tion  Gage  Depth 
in .  in .  in . 


Crushed 

36 

Heavy 

36 

0+21 

4,290 

0.0067 

37.68 

0. 0024 

limestone 

clay 

6,441 

0.0109 

0.0037 

8,909 

0.0143 

0.0051 

14,714 

0.0210 

0.0085 

0+18 

4,349 

0.0056 

59.40 

0.0011 

6,451 

0.0081 

0.0014 

8,935 

0.0114 

0.0021 

14,592 

0.0181 

0.0030 

Blend  II 

56 

1+33 

4,386 

0.0125 

23.16 

0.0031 

6,377 

0.0189 

0.0046 

9,126 

0.0234 

0.0067 

14,581 

0.0354 

0.0107 

1+30 

4,370 

0.0118 

49.32 

O.OOll 

6,393 

0.0202 

0.0015 

8,803 

0.0232 

0.0019 

14,439 

0.0340 

0.0031 

Silt 

53 

2+33 

4,126 

0.0275 

14.28 

0.0051 

6,335 

0.0378 

0.0079 

9,020 

0.0512 

0.0122 

14,518 

0.0755 

0.0196 

2+30 

4,115 

0.0314 

47.04 

0.0001 

6,229 

0.0422 

0.0024 

8,898 

0.0562 

0.0033 

14,545 

0.0815 

0.0055 

WES  16-KIP  <16  IN.  DIAM.  PLATE) 


Nondestructive  test  results  during  construction;  lane  1 ,  Item 


500-1  “  16-KIP  (10  IN.  DIAM.  PLATE) 

1  •  ROAD  RATER  (18  IN.  DIAM.  PLATE) 

FALLING  WEIGHT  OEFLECTOMETER  (11.8  IN.  DIAM.  PLATE) 


'Ni/sdi>i*wsa 


Nondestructive  test  results  during  construction;  lane  1 ,  Item 


WES  16-KIP  <16  IN.  DJAM.  PLATE> 


Nondestructive  test  results  during  construction 


WES  16-KlP  (18  IN.  OIAM. 
ROAD  RATER  (18  IN.  OIAM. 


LIMITING  DSM 


MIXING  DSM,  KIPS/: 


z 


HD-niS7  C72 


UNCLASSIFIED 


CORRELATION  OF  NONDESTRUCTIVE  PAVEHENT  EVALUATION  TEST 
RESULTS  WITH  RESUL. .  <U>  ARHV  EHOIHEER  HATERHAVS 
EXPERINENT  STATION  VICKSBURO  NS  OEOTE. .  D  R  ALEXANDER 
FEB  as  NES7TR76L-86-1-V0L-1  F7G  14/2 


MODULUS  VALUES  FROM 

BISDEF 

USING  TWO  VAR1A8LE 

LAYERS 

THICKNESS 

E-LMC 

E-SUBGRADE 

IN. 

PSI 

PSI 

12.0  -I - 

1.  074.  554 

37.355 

LEAN  NIX 

CONCRETE 

82  644 

B 

THICKNESS 

E-BL  II 

Ob# 

E-SUBGRAOE 

82.S44 

81.306 


58.220 


64. 384 


63.385 


51.  618 


74.005 


218.  661 


12.583 


10.503 


23. 173 


Figure  34.  Computed  modulus  for  Biend  II  and  lean  mix  concrete 
from  BISDEF  (two-variable  layers)  and  16-kip  deflection  data 


tOOULUS  VALUES  FROM  B180EF 
USING  ONE  VARIABLE  UYER 
(SUBGRAOE  CONSTANT) 


THIdOeSS  E-SlLT 


IN. 

PSI 

78.2 

- 1 

37.512 

oas 

- 

32.858 

82,4 

- 

381828 

55.1 

- 

38,345 

47.8 

- 

37.88B 

48.8 

SILT 

3a883 

34.0 

- 

4^851 

24.8 

- 

35.743 

14.8 

- 

42.24B 

ae 

E-SUBGRAOE 
UPPER  48-IN. 
PSI 


2B.247 


E-SUBGRAOE 
BELOW  48-IN. 
PSI 


5157 


Figure  36.  Computed  modulus  values  for  silt  from  BISDEF 
(one-variable  layer)  and  16-kip  deflection  data 


E  FROM  BISDEF.  PS I 


Figure  38.  Modulus  values  determined  from  BISDEF  using  a  two-variable 
layer  system  and  16-kip  deflection  data  versus  thickness 
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Figure  41.  16-kip  DSM  versus  layer  thickness  for  Items  1  and  5  (lane  1)  and  Item  3  (lane  2) 
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Figure  42.  E  from  BISDEF  (one-variable  layer) 
versus  16-kip  DSM 
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Figure  43.  E  from  BISDEF  (two-variable  layers) 
versus  l6-kip  DSM 
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Figure  55.  Nondestructive  test  results  during  traffic 
Falling  Weight  Def lectometer  (lane  1,  Item  2) 
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Nondestructive  test  results  during  traffic.  Falling 
Weight  Def lectometer  (lane  1 ,  Item  4) 
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Weight  Deflectometer  (lane 


0  PASSES 


Nondestructive  test  results  during  traffic,  Falling 
Weight  Def lectometer  (lane  3,  Item  1) 
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Figure  72.  NDT  deflection  basins  for  lane  1  (Just  prior  to  traffic  tests) 
normalized  to  a  5, 000- lb  force  level 
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